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Portugal tem sido nas últimas décadas o maior produtor e exportador mundial de 
cortiça. No processo de transformação da cortiça, as águas de cozedura têm especial 
interesse devido à sua composição. Estas águas são misturas complexas de extractos 
vegetais cuja degradação é muito difícil tornando ineficientes os processos 
convencionais de tratamento de águas residuais. Entre outros compostos naturais, 
estas águas apresentam uma elevada concentração de polifenóis, tais como o ácido 
gálico, a acetovanilona e a esculetina. Estes compostos são conhecidos por serem 
recalcitrantes aos tratamentos convencionais. Os processos de oxidação avançada (e.g. 
radiação gama) são largamente estudados e a sua aplicação é eficiente. A radiação 
gama induz tanto a degradação de compostos, como a inactivação de microrganismos, 
dependendo do tipo de energia, do débito de dose e da dose absorvida. Actualmente, 
a radiação gama é usada em inúmeros processos industriais, como a esterilização, 
irradiação de alimentos e o tratamento de águas contaminadas podendo mesmo levar 
à sua desinfecção e ao aumento da qualidade da água. 
Neste trabalho, foram estudados os efeitos da radiação gama na degradação do ácido 
gálico, da acetovanilona e da esculetina. Após irradiação, foram identificados os 
principais sub-produtos formados e foram propostos mecanismos de degradação 
radiolítica destes três compostos. Os principais resultados sugerem que são 
necessárias doses de radiação elevadas (40-50 kGy) para destruir o anel benzénico do 
ácido gálico e da acetovanilona, em solução aquosa. A esculetina, provavelmente 
devido à baixa concentração da solução estudada, é degradada com doses de radiação 
baixa (≤2 kGy). Os resultados obtidos também sugerem que o passo inicial de oxidação 
do ácido gálico e da acetovanilona dá-se por meio do ataque do radical hidroxilo ao 
anel benzénico. No caso da esculetina, o ataque é preferencialmente por meio do 
ataque do electrão hidratado ao anel de pirano. Após estes resultados, foram 
propostos mecanismos de degradação para cada um dos compostos. Foram estudados 





meio de um microorganismo seleccionado das águas residuais da cortiça. Embora os 
resultados tenham sido inconclusivos, levantaram algumas questões pertinentes que 
foram explicadas através da abordagem de novas metodologias discutidas neste 
trabalho. Neste trabalho pretendeu-se realizar uma integração de diversos estudos, 
desde a aplicação da radiação gama em soluções aquosas dos compostos padrão até 
ao cenário real em uma indústria de cortiça. Sendo assim, foram avaliados os efeitos 
da radiação gama na água de cozedura da cortiça através da variação na sua actividade 
antioxidante e do conteúdo em compostos fenólicos, antes e após irradiação. Os 
resultados obtidos apontam para que, após irradiação gama, haja um aumenta tanto 
da actividade antioxidante da água de cozedura de cortiça como da concentração em 
compostos fenólicos. 
Os resultados obtidos destacam as potencialidades da aplicação de radiação ionizante 
(e.g. radiação gama) como uma ferramenta para aumentar a degradabilidade de 









Cork wastewater constituents like gallic acid, acetovanillone and esculetin are 
recalcitrant compounds which, released in the environment in larger amounts, may 
constitute environmental hazard. Therefore, their concentration in wastewater should 
be controlled. The present work is mainly centered in the application of gamma 
radiation as an Advanced Oxidation Process to degradate these recalcitrant 
compounds present in cork wastewater. The main by-products formed and 
predominant pathways reaction mechanisms were proposed. Results point out that 
high doses (40-50 kGy) are needed to break the benzene ring of gallic acid and 
acetovanillone in 1 mM aqueous solutions. For esculetin in 0.1 mM aqueous solution 2 
kGy was enough to degradate that compound, probably due to its low concentration. 
The results showed that gallic acid and acetovanillone radiolytic degradation proceeds 
mainly by hydroxyl radical attack to benzene ring. In the case of esculetin the pyrone 
ring of its structure was attacked preferably by the solvated electron produced by the 
radiation. Based on these results a tentative mechanism of degradation was proposed 
for the three compounds. 
The effects on the biodegradability of gallic acid and esculetin after irradiation were 
studied using a natural bacterium present in cork wastewater. Although the results 
were inconclusive, they raised some important issues to be addressed by a new 
methodological setup. Finally, the effects of gamma radiation on real cork cooking 
wastewater were studied. The radiation effects were assessed by the antioxidant 
activity rate and the phenolic compounds concentration. It was found that gamma 
radiation increases both antioxidant activity of cork cooking water and the amount of 
phenolic compounds. This integrated work was focused on the application of gamma 
radiation, as a potential technology, to degrade hazardous components from bench 
scale up to industrial application. The obtained results highlight the potentialities of 
the technology to increase the degradability of wastewater’s pollutants, an important 
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The presented thesis is based on three published papers and three submitted papers. 
The work attempts to be a useful tool with new approaches on the radiolytic 
degradation of recalcitrant compounds. New methodologies and different perspectives 
on radiation chemistry were attained. 
The thesis is organized as follows: 
 Chapter 1 –some fundamentals of radiation chemistry are briefly explained 
as theoretical basis to understand the studied radiolytic mechanisms. The 
cork structure and properties as well as issues concerning cork industry are 
also discussed. Finally, what is new in the application of advanced oxidation 
processes on cork wastewater treatment are covered in this chapter. 
 Chapter 2 – in this chapter the background and motivation to perform this 
work is explained together with the different methodologies applied 
throughout the work. 
 Chapter 3, 4, 5, 6 and 7 – the overall results of radiolytic degradation of 
gallic acid, acetovanillone and esculetin are presented in these chapters, as 
well as the biodegradation study and gamma radiation effects on a real 
scenario (cork wastewater). 
 Chapter 8 – the main conclusions are presented and new perspectives 
opened with this thesis forecast. 
 
The contributions of the author to the presented published and submitted work are: 
“Radiolytic degradation of gallic acid and its derivatives in aqueous solution”, R. 






This paper results from the work developed under an International Atomic Energy 
Agency fellowship (IAEA POR/07005) won by author in the scope of IAEA project 
"Implementation of wastewater treatment by radiation in Portugal" POR/8/010. The 
work was developed on the Institute of Isotopes (Radiation Chemistry Department) in 
Budapest, Hungary. This training allowed learning the pulse radiolysis technique, an 
important tool to understand the initial steps of radiolytic degradation mechanisms of 
wastewater pollutants. 
The author performed the experimental work and is involved in the preparation and 
writing of the research paper. 
 
“Radiolytic degradation mechanism of gallic acid and its end-products”, R. Melo, J.P. 
Leal, M. L. Botelho, Rapid Commun. Mass Spectrom. 25, 218-222 (2011). 
 
This paper appears in the continuation of studies developed in previous work. The 
author carried out the experimental work and participate in the development of the 
proposed mechanism as well as in the preparation and writing of the research paper. 
 
“Radiolytic degradation mechanism of acetovanillone”, R. Melo, J.P. Leal, M.L. 
Botelho, William J. Cooper, J. Hazard. Mater. (submitted in September 2012). 
“Esculetin degradation under radiation”, R. Melo, J.P. Leal, M.L. Botelho, William J. 
Cooper, Central European Journal of Chemistry (submitted in September 2012). 
 
These two papers results from the work developed under an International Atomic 
Energy Agency fellowship (IAEA POR/11002) won by author in the scope of IAEA 
project “Enhancing Quality Control Methods and Procedures for Radiation Technology 
", RER/ 8/ 017. The work was developed on the Civil and Environmental Engineering 





different chromatographic techniques with mass spectrometry detection (e.g. UPLC-
MS) and excitation emission matrix fluorescence (EEM) technique. 
The author performed the experimental work and participate in the development of 
the proposed mechanisms as well as in the preparation and writing of the research 
papers. 
 
“Natural cork wastewater isolated bacteria as potential precursors for phenolics 
biodegradation”, R. Melo, S. Cabo Verde, I. Nunes, J. Madureira, J. Pereira, J.P. Leal, 
M.L. Botelho, J. Adv. Oxidation Technol. (submitted in September 2012) 
 
As selected model compounds are known for their low biodegradability, a new 
approach was taken to find out if radiolytic degradation, followed by microbial 
degradation could increase the biological treatment efficiency. 
The author participated in experimental work in collaboration with S. Cabo Verde 
(microbiologist researcher at IST/ITN) and graduate students. The author was also 
involved in the preparation and writing of the research paper. 
 
“Effect of ionizing radiation on antioxidant compounds present in cork wastewater”, 
J. Madureira; R. Melo, M.L. Botelho, J.P. Leal, I.M. Fonseca, Water Sci. Technol., doi: 
10.2166/wst.2012.544. 
 
In order to take a step forward in the application of ionizing radiation to industrial 
wastewaters, the effects of gamma radiation on antioxidant activity of cork 
wastewaters were studied. 
The author was the supervisor of a Master of Science thesis whose main results are 
presented in this research paper. The author was also involved in the preparation and 
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1 CHAPTER 1 – INTRODUCTION 




1.1 Radiation Chemistry 
Radiation chemistry is related to the chemical effects of ionizing radiations whose 
energies are several orders of magnitude higher than the energies of the chemical 
bonds of the compounds they interact with. This interaction causes excitation and 
ionization of the compounds present in the medium. The direct effects of energy 
deposition are not strongly dependent on the properties and composition of the 
medium. Otherwise, the reactions of reactive intermediate species, such as excited 
molecules, excess electrons and ions strongly depend on the properties and 
composition of the medium [1]. These topics will be focused in this Chapter. 
 
1.1.1 General Remarks 
To better support the thesis on the subject of the radiation field, some fundamentals 
concerning the different types of ionizing radiation and comparison of radiation 
sources, absorbed dose and dose units, dose rate, as well as water radiolysis will be 
briefly mentioned. 
 
1.1.1.1 Ionizing radiation and sources 
 
Ionizing radiations are characterized by their ability to excite and ionize atoms of 
matter with which they interact [2]. 
There are three main types of ionizing radiation: 
 
- Gamma rays: energetic photons emitted from the nucleus of some unstable 
(radioactive) atoms.  
Gamma rays lose energy through chance encounters that result in the ejection of 
electrons from atoms (ionization). In each interaction, gamma rays can lose all of their 
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energy or only part of it. In this case, the photon continues travelling through the 
medium as a lower-energy photon. The higher the energy of gamma photons, the 
higher are the energies of the liberated electrons. The penetration of gamma photons 
through a specific medium depends on the energy of gamma ray, the composition and 
the thickness of the medium [3]. The electrons to which energy of gamma photons is 
transferred are the responsible for the modifications on the medium by the ionization 
and excitation of the atoms. Therefore, after the ionization of an atom, the subsequent 
events on the medium depend only on the properties of the excited electron and not 
on the gamma photon that leads to it release. 
60Co is the most widely used gamma radiation source for both research and industrial 
processes. It decay scheme is presented in Figure 1. 
 
 
Figure 1 – Decay scheme of 60Co. 
 
It has a half-life of 5.272 years and decays to 60Ni by emission of two high—energy 
photons, 1.1732 MeV and 1.3324 MeV per disintegration. 
137Cs is another gamma radiation source also used, which emits one photon of 0.66 
MeV per disintegration and has a half-time of 30 years. 137Cs can be obtained by 
reprocessing of spent fuel. It is usually applied in the salt form (cesium chloride) sealed 
in stainless steel capsules like 60Co [1]. 
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- X-rays: electromagnetic radiation emitted by charged particles (usually 
electrons). For similar energies, X-rays and gamma photons could be considered 
identic differing only on the origin of the radiation. Gamma photons arise from nuclei 
transitions of radioisotopes, X-rays are produced in processes that take place outside 
the nucleus, involving interactions between high-speed electrons and the atom. When 
these electrons strike the heavy metal targets (usually tungsten) they can lose almost 
all of their energy through the emission of photons, called bremsstrahlung X-rays. 
These characteristic X-rays are emitted when their electrons make transitions from a 
higher to a lower atomic energy level. Thus the efficiency of X-ray production increases 
with increasing atomic number of the target (reason for using heavy elements) and 
energy of fast electrons [3]. 
Besides the X-rays production in heavy metal target apparatus, there are two other 
forms of radioactive decay that also leads to X-rays emission: internal conversion and 
electron capture of radionuclides such as 119Sn and 55Fe, respectively. This approach 
was mainly developed to be used in radiography [3]. 
 
- High energy electrons: High energy electrons are mainly generated by 
apparatus as Van der Graaff accelerators which generate an intense continuous 
electron beam of up to 12 MeV [2] and Pulsed electron beams accelerators (e.g. LINAC 
– linear accelerators) providing beta radiation by an accelerated electron beam with an 
average power of up to several hundred kW with the energy range suitable for 
radiation processing up to 10 MeV without promoting induced radioactivity [4]. 
An electron beam is a stream of particles negatively charged and is characterized by its 
limited penetration. The whole energy of high-energy electrons is deposited in 
relatively thin layers of the materials surface in contrast to gamma rays in which 
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1.1.1.2 Dosimetry quantities 
 
Only one part of the absorbed fraction of the radiation energy can induce physical 
and/or chemical changes, thus absorbed dose and dose rate are the parameters 
usually used to measure the radiation doses. The absorbed dose characterizes the 
amount of energy imparted per unit mass of the exposed matter and may be 
measured as joules per kilogram and represented by the equivalent SI unit, gray (Gy) 
[6]. The absorbed dose depends not only on the deposited radiation but also on the 
absorbing material. Dose rate is the absorbed dose per unit time and is expressed as 
Gy per hour [7]. Dose rate and absorbed dose depend on the distance from a specific 
source and for the case of a punctual source it is inversely proportional to the square 
of the distance (1/d2). 
Dosimeters are developed to measure radiation doses and can be classified according 
to the principle of operation: physical and chemical dosimeters. Physical dosimeters 
detect physical effects induced by energetic particles (e.g.: calorimeters measure the 
difference on temperature of medium; ionizing chamber measures the number of 
ionizations in substance) [1]. Chemical dosimeters on the other way measure chemical 
changes produced in the medium. Usually, the absorbed dose is determined by 
chemical dosimeters systems. The most well-known standard chemical dosimeter is 
Fricke dosimeter. The Fricke Dosimetry principle is based on the radiation-induced 
oxidation of ferrous ion, Fe (II), to ferric ion, Fe (III), in acidic media [8]. The Fe (III) 
concentration can be determined using spectrophotometry, which measures the 
absorbance (in optical density) of the solution. The absorbed dose is calculated in 
terms of Fricke dosimeter radiation chemical yield (see 1.1.2) and defined as the 
number of moles of Fe (III) produced per joule of the energy absorbed in the solution 
[9]. One of the main advantages of Fricke dosimeter is that radiation-induced reactions 
occur on water solution which is the main component of biological systems and the 
most used solvent (see detail in 1.1.2). Thus, demonstrating how scavenger molecules 
will react; cell components and dissolved water compounds should react similarly. 
In the various experimental performances described in this thesis, Fricke Dosimetry 
was the selected dosimeter to calibrate the dose rate on irradiation positions. 




1.1.2 Water radiolysis 
Water is the main constituent of biological systems and the most used solvent as 
stated in the beginning of this chapter. When radiation interacts with media it 
produces excited and ionized atoms, molecules and a significant number of secondary 
electrons. These electrons can produce additional ionizations and excitations until the 
energies of all electrons reach below the threshold necessary for exciting the medium 
(see detail in 1.2.). Thus, radiation chemistry strongly depends on the media and being 
water the most abundant medium its interaction with radiation is of crucial 
importance. The interaction of ionizing radiation with water promotes its radiolysis 
with formation of reactive products whose primary reactions are compiled in the 
scheme of Figure 2. 
   
Figure 2 - Primary reactions of the radiolysis of water and formation of primary products. 
The ionization occurs on the time scale of an electronic transition (< 10-16 s). The 
formed positive ion H2O
+ reacts with water within 10-14 s, forming HO• and H3O
+. The 
electron, if liberated with sufficient energy, can ionize further water molecules before 
its energy falls below the ionization threshold of water (12.61 eV). Therefore the 
electron loses the rest of its energy causing vibrational and rotational excitations of the 
water molecules and, finally, becomes solvated. The solvation process has been shown 
to occur within 10-12 s. 
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The water molecules in excited states (H2O*) dissociate into O
•, H•, HO• in 10-14-10-13 s. 
The physical and physicochemical processes are thus completed within 10-12 s leaving 
the species in equilibrium with the water. 
As the species are diffused in water, recombination processes take place leading to the 
formation of molecular or secondary radical products. The most prominent are 
represented in Equations (1) – (7) [10]. 
 
In the presence of oxygen both, eaq
- and H• are converted into peroxyl radicals 
according to Equations (8) and (9) which are slowly reacting agents. 
 
To better understand the contribution of each reactive species in the radiation 
chemistry scheme, G-value notion has to be introduced. G-value represents the 
efficiency of radiation-induced events and is quoted in units of molecules per 100 eV of 
absorbed dose or µmole per Joule [11].The product yields depends on the type of 
applied radiation [12] and in Table 1 the G-values of radiolysis products in gamma and 
fast electrons irradiated neutral liquid water are represented [10].  
 
•- 
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Table 1 - Product yield (µmol/J) in irradiated neutral water. 
G(H2) G(H2O2) G(eaq
-) G(H•) G(HO•) G(•HO2) 
0.047 0.073 0.28 0.062 0.28 0.0027 
 
Based on Table 1 values, it can be concluded that the solvated electron and the 
hydroxyl radical are the most representative species among water radiolysis products 
due to their higher G-value. 
 
1.2 Direct and indirect effects of radiation 
The interactions of ionizing radiation with involved matter could be expressed in two 
ways: the direct and indirect effects. The direct actions represent the radiation energy 
which is deposited directly in the targets and can be divided by time scale into the 
following stages: initial physical processes, pre-chemical reactions, chemical reactions, 
and, finally, radical diffusion. Following these primary events, energy absorbed by the 
external medium leads to the production of diffusible intermediates such as ions, 
secondary electrons, and excited molecules undergoing further transformations, 
exchanging charges and energy and reacting with the surrounding molecules (indirect 
effects), thereby producing free radicals and other reactive species which finally evolve 
into new stable products [13, 14]. 
Concerning the ionizing radiation application (e.g.: pollutants degradation, sterilization, 
crosslinking of polymers), direct or indirect effects can be tuned up during irradiation 
process by changing process parameters such as dose rate. 
1.3 Cork industry 
Cork is the bark of the oak which is, depending on the region, periodically extracted in 
9-12 years in order to produce a cork with a desirable thickness for industrial 
processing. Quercus suber L. is the botanical name for a slow growing, evergreen oak 
that flourishes in specific regions such as the Western Mediterranean (Portugal, Spain, 
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Southern France, part of Italy) and North Africa [15, 16]. Portugal is the major cork 
producer and processes about 70% of all the cork in the world [17]. 
Cork is a natural, renewable and sustainable raw material that has been used for many 
purposes in the last centuries. As a result of this very long term interest, the scientific 
literature on cork is extensive [18]; [19]. 
The manufacturing process of cork begins with the cut of oak slices to obtain the cork 
planks. The cork planks are stacked outdoor and left to maturate from a few weeks to 
six months depending on the type of cork. The fresh air, sun, and rain create special 
environment to fungal growth. Their growing metabolism improves the quality of the 
cork. By the end of the maturation process, the planks have shrunken and lost about 
20% of their original moisture content. After maturation, planks are immersed for 
approximately 1 hour in boiling water to remove dirt and water-soluble compounds 
such as phenolic acids. This process turns the cork softer and improves flexibility and 
elasticity [20]. The planks are set in a dark place to dry and maturate under controlled 
humidity for a few more weeks. In the end of this period the planks are ready to be 
managed. They are processed to a uniform, rectangular shape and are sorted by 
quality. The finest quality material will be used to make natural cork products like wine 
bottle stoppers. Poorer quality material will be ground and used to make composition 
or agglomerated cork.  
The following sub-chapter will focus on the chemical composition of cork and its 
wastes. 
 
1.4 Cork structure and properties 
Cork cells (botanical designation is phellem) grow via an intermediate structure known 
as cork cambium (phellogen) forming a protective layer of dead cells. The phellogen 
has cell generation capacity and thicken layers of phellogenic tissue are formed in the 
tree perimeter since the new cells do not have their final dimensions and undergo 
growing in the cellular interior (Figure 3). 
 




Figure 3 – Axial section of cork oak tree: (A) cork planck, (B) subero-phellogenic change, (C) 
phellogenium, (D) liber tissue, (E) liberwood change, (F) wood, (G) bark, (H) lenticular channels, 
(I) area for stopper production, (J) annual growth rings [16]. 
 
The formation of phellogenic layers corresponds to lenticular evolution that leads to 
the formation of lenticular channels (Figure 3(H)) which are responsible for one of the 
main cork characteristics: its capacity to permit equilibrium in the mass transfer of 
water and gases. The cell membranes are covered with thin layers of an unsaturated 
fatty acid (suberin), lignin and cellulose [21]. The chemical composition of cork 
depends on the geographic origin, climate and soil conditions. The genetic origin, the 
tree dimensions, age and growth conditions are also determinant for cork 
composition. Cork from Quercus suber L. has peculiar properties such as high elasticity 
and low permeability, due to its specific chemical composition [22]. 
Cork is mainly composed of lignin (22%) and suberin (approximately 40%) together 
with polysaccharides (18%) and other compounds (15%) [16]. 
 
1.4.1 Suberin 
Suberin is the most abundant component of cork and it structure is still under study 
[23]. It has been proposed that suberin consists of a polyester structure composed of 
long chain fatty acids and phenolic acids, linked by ester groups [24]. There are two 
main approaches to study the structure of suberin: 1) the depolymerization of suberin 
and identification of monomers and oligomers [25] and 2) the solid state nuclear 
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magnetic resonance (13C-NMR) [26]. The depolymerization shows that suberin tissues 
are formed mainly by saturated and unsaturated fatty acids, alkanols and ferulates 
[16]. The 13C-NMR spectroscopy shows the position of suberin in relation with other 
components of cork. The aliphatic part of suberin seems to be separated from 
polysaccharides and lignin and the ester bonds are linked to the lignocellulosic matrix 
[27] [28]. 
Silva et al. (Silva, et al., 2005), based on Bernards’s work (Bernards, 2002), suggests a 
model of the suberin chemical structure (Figure 4). 
 
 
Figure 4 – Proposed structure for cork suberin. 
 
1.4.2 Lignin 
Lignin, as suberin, is not a chemical compound with formula and structure well defined 
in terms of constitution but, rather, it is a set of amorphous materials with similar 
reactivity and molecular structure. The three lignin precursors are 4-hydroxycinnamyl 
alcohol, 4-hydroxy-3-methoxycinnamyl alcohol and 4-hydroxy-3,5-dimethoxycinnamyl 
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alcohol (Figure 5) [29] [30] which hints to the lignin macromolecule by 
dehydrogenation polymerization process. 
 
Figure 5 – Phenolic precursors of lignin structure: (a) 4-hydroxycinnamyl alcohol, (b) 4-
hydroxy-3-methoxycinnamyl alcohol and (c) 4-hydroxy-3,5-dimethoxycinnamyl alcohol.  
 
The monomers are linked between them by two bond types: ether bonds through the 
oxygen of the hydroxyl group of phenolic ring and direct carbon-carbon (C-C) links. 
These two types of bonds reduce void spaces and are the responsible for the 
consistent structure of the lignin [30]. 
The relative abundance of the three monomers and the frequency of the various types 
of interconnections are the two components that distinguish lignin of different species 
since all have the same precursors and polymerization processes. Concerning cork 
lignin, it is considered a G-type lignin containing 95% guaiacyl units (monomer that 
results from precursor 4-hydroxy-3-methoxycinnamyl alcohol), 2% 4-hydroxyphenyl 
units (monomer that results from 4-hydroxycinnamyl alcohol) and 3% syringil units 
(monomer that results from precursor 4-hydroxy-3,5-dimethoxycinnamyl alcohol) with 
a methoxyl content of 13.95%. This lignin composition contributes to the mechanical 
support and rigidity of the cork cell walls [24]. 
 
1.4.3 Polysaccharides 
Besides the main components of cork, suberin and lignin, low molecular weight 
compounds as polysaccharides, waxes and tannins have an important influence on the 
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physical-chemical properties of cork. The structural polysaccharides are cellulose 
(homopolymer) and hemicellulose (heteropolymer) and both contribute to the rigidity 
of the cork cell avoiding it to collapses. 
As an example, Pereira [24], after acid hydrolysis of polysaccharides arrived to a 
composition of cork monosaccharide as glucose (50%), xylose (35%), arabinose (7%), 
galactose (3%) and mannose (3%). 
 
1.4.4 Extractable components 
Cork is a renewable material known for singular physical-chemical properties such as 
impermeability to gases and liquids, compressibility, resistance, low density and 
chemical inertness. However, on the cork matrix there are compounds not chemically 
linked to the main structure which are easily extractable with solvents [31]. 
An example is the well-known odor taint compounds that are responsible for the 
organoleptic properties of wine [32]. Waxes and phenolic compounds are the main 
extractable components and yields depend on the nature of the cork. Besides phenolic 
compounds this family includes flavonoids and tannins. Tannins may be divided into 
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Table 2 – Cork phenolic compounds. 
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Table 2 – Cork phenolic compounds. (cont.) 






Waxes influence the impermeable characteristics of cork and can be either aliphatic or 
aromatic compounds. Aliphatic compounds are n-alkanes, fatty acids, fatty alcohols, 
glycerol and some triglycerides. Aromatics are mainly triterpenic structures [33]. These 
compounds are highly relevant due their known protective role against biological 
organisms attacks [34]. 
 
1.5 Cork wastewater  
Cork cooking water represents the main source of wastewater in the global cork 
processing. The cork planks are immersed in boiling water for approximately 1h and 
the same water is frequently used for 20-30 times, turning it into a dark liquor which 
contains high concentrations of phenolic acids, tannins and  2,4,6-trichloroanisol 
among others [35]. Therefore, cork cooking water is characterized by an acidic pH 
around 5 and high organic load (Table 3). 
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Table 3 – Parameter values of cork cooking wastewaters and limited values for discharge of 
treated wastewater. 
Parameter Range valuesa Limit valueb 
CODc (mgO2/L) 4500-5500 150 
BODd (mgO2/L) 1100-1800 40 
Polyphenol’s content (mg/L) 600-900 0.5 
a Ref. [36] b Ref. [37] c Chemical Oxygen Demand d Biochemical Oxygen Demand 
 
As shown in Table 3 the physical-chemical parameter’s values of cork cooking 
wastewater largely exceed the discharge limits admitted for treated wastewater. 
Furthermore, those values traduce in a low biodegradability of wastewater and a 
significant toxicity [38] due to high polyphenols content. The conventional wastewater 
treatment, which is largely based on primary sedimentation followed by a biological 
treatment, is ineffective in this case [39]. 
Based on these facts, growing interest in the development of new technologies and 
procedures for the reduction of organic load of this kind of wastewater has increased 
in the last years. Membrane separation as ultrafiltration [40] and nanofiltration [41] 
[42] has been developed, still some authors report that membrane fouling could occur 
and pre-treatment is needed [43] [44]. Coagulation/flocculation methodologies are 
also used; however they need high concentration of coagulants, pH adjustment and 
produce a large sludge quantity which creates subsidiary byproducts [45].  
More recently, Advanced Oxidation Processes (AOPs) have been considered as a 
promising technology for the treatment of recalcitrant compounds. This subject will be 
developed in the next sub-chapter. 
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1.6 Advanced oxidation processes on cork wastewater treatment 
Advanced oxidation processes (AOPs) are well-known technologies on the wastewater 
treatment processes. They proceed by the efficient generation of hydroxyl radicals 
which are highly reactive and non-selective reacting with organic compounds, mainly 
by means of electrophilic addition to unsaturated bonds, addition to aromatic rings, 
abstraction of hydrogen, or by electron transfer leading to the degradation of 
compounds [46].  
The implementation of AOPs to treat wastewater up to acceptable water quality 
parameters (below legislative limits) is very expensive because the degradation of the 
oxidation intermediates generated during the process tends to be quite difficult 
increasing the treatment period. Besides, these technologies have high energy 
consumption (radiation, ozone, etc.) and chemical reagents application (catalysts and 
oxidizers) [47]. Therefore, AOPs are commonly used as pre and post- treatment 
technology to complement the conventional wastewater treatment. 
Concerning cork wastewater treatment and due to their complexity (see 2.2.2. Cork 
wastewater), AOPs as combined technology are frequently suggested. Fenton 
oxidation is one of most studied AOP, used alone [48] [49] or combined with others 
methodologies such as UV radiation and/or Ozonation [50]. 
The chemical treatment by Fenton’s reagent oxidation consists in the generation of 
hydroxyl radicals (HO•) with hydrogen peroxide (H2O2) in the presence of a catalyst 
such as ferrous ion (Fe (II)), yielding carbon dioxide and water in the complete 
mineralization and/or other oxidation products [51]. Fenton oxidation involves 
complex pathways reactions due to the parallel and competitive reactions that occur 
between Fe (II), H2O2 and HO
• radical [49]. In order to optimize the efficiency of Fenton 
oxidation, several factors had to be considered as the H2O2: organic carbon ratio, Fe(II): 
H2O2 ratio, organic matter content, temperature, pH and Fe (II) and H2O2 
concentration [51]. Therefore, a deep study of the wastewater content is needed in 
order to optimize the Fenton oxidation efficiency. Moreover, not only the reagents and 
catalysts are expensive, as they are also pollutant agents, and it is desirable to 
optimize the reaction conditions to minimize their concentration. On the other hand, 
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as in the case of coagulation/flocculation processes, Fenton oxidation leads to an 
increase of sludge volume due to coagulation induced by the iron salts added. 
Thus, complementary methodologies to Fenton oxidation have been adapted to 
optimize the pollutants degradation. Ozonation is recognized by high degradation 
efficiency achieving Total Organic Carbon (TOC) and Chemical Oxygen Demand (COD) 
removal of more than 90% [52]. Ozonation have many of the oxidizing properties 
desirable for use in water treatment: is readily available, soluble in water, and 
generally the formed byproducts are less-toxic substances. The assessment of 
integrated technologies as UV/H2O2 and photo-Fenton (H2O2/Fe(II)/UV–Vis) and with 
heterogeneous catalysis (TiO2/UV–Vis and TiO2/H2O2/UV–Vis) were also studied and 
results point out that TiO2 as catalyst did not increase the degradation efficiency and 
although photo-Fenton reveals high potentiality to degrade organic matter (66% 
mineralization in 10 min) it is dependent on H2O2 concentration and pH of the medium 
[53]. 
The decontamination of cork wastewaters by solar-photo-Fenton process using cork 
bleaching wastewater as H2O2 source [54] has gained attention since it could be 
possible to reuse wastes minimizing the chemicals addition as well as decreasing the 
process costs. 
In conclusion, the main objective of these methodologies is to increase the 
biodegradability of cork wastewaters in order to potentiate the biological treatment 
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2.1  Background and Motivation 
Since the 1960’s decade expressions such as “water pollution”, “environmental 
protection” and “ecology” became household words [56]. The pollution of industrial 
wastewater due to its complexity has been studied to achieve optimal results at a 
minimum cost [57] [58] [54]. The implementation of restricted limits to wastewater 
discharges is also an important factor to be considered. In fact, European Union (EU) 
issued new emission limit values for the discharge of wastewaters based on the EU 
Water Policy Framework Directive (2000/60/EC) [59].  
Concerning cork industry, Portugal and Spain congregate the main worldwide 
production and manufacture of cork. Portuguese cork exports represent around 70 % 
of world market [60].  As mentioned in Chapter 1, cork processing produces large 
quantities of wastewater mainly during the cooking stage. The waste generated during 
this process is a dark liquor with high concentrations of tannins, lipids and organic 
acids [61]. The tannic fraction is known for being recalcitrant to biological processes 
[62]. Therefore, chemical pre-treatments can be used to reduce organic matter 
achieving an effective biological treatment [63] [64]. However, some compounds are 
still recalcitrant to single oxidation processes, and Advanced Oxidation Processes 
(AOPs) appears as promising technologies to be implemented due to the production of 
high reactive species that promote the degradation of the recalcitrant compounds 
[65]. The efficiency of AOPs has been recognized and some authors have already 
reported the efficiency of these processes on cork wastewater treatment [48] [50] [52] 
[54]. 
AOPs are characterized by the production of powerful reactive species such as 
hydroxyl radicals. In aqueous solutions, as wastewater, ionizing radiation (e.g. gamma 
radiation, electron beam) interacts not only directly with solutes but also with water 
leading to the so-called water radiolysis (see 1.1.2). The free radicals formed during 
water radiolysis are highly reactive; the hydroxyl radical is the most powerful oxidant 
known to occur in water. Also solvated electrons have an important role in degrading 
some compounds. The reactive species reacts with the target pollutant and between 
them. Mostly AOPs have just one source of hydroxyl radicals (e.g. UV radiation 
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produces hydroxyl radicals by ozone or hydrogen peroxide addition). However the use 
of ionizing radiation provides more than one source of hydroxyl radical due to the 
reaction between reactive species in the medium (see Figure 2) increasing the 
potentiality of this technology compared to other AOPs [66]. 
Among ionizing radiation technologies, gamma radiation is a well-known technology 
on wastewater treatment [67] [68] [69] [70] [71] but, to the best of our knowledge, 
until the beginning of this thesis works, there are no studies about gamma radiation 
effects on cork wastewater. 
Based on the situation herein presented, the purpose of the present work is mainly 
centered in the application of gamma radiation as an AOP to degradate the main 
recalcitrant compounds present in cork wastewater. In the next sub-chapter the goal 
and scope of work will be explained in detail. 
 
2.2 Goal and scope of work 
When dealing with wastewater treatment technologies, especially when AOPs are 
involved, one of the main issues is the partial oxidation of organic contaminants which 
could result in the formation of more toxic intermediates than parent compounds. In 
order to avoid this drawback, AOPs are expected to be carefully operated and 
monitored. There is limited information in the literature about the by-products formed 
after wastewater treatment. This scarcity of data is an important issue concerning 
hereafter biological treatment, because it can compromise the whole process. 
Knowing which compounds are formed during a radiolysis experiment, the way and 
how fast they are formed are also key factors. Thus, the capability to propose a 
degradation mechanism of the pollutants is also an important issue. The 
understanding of how these compounds degraded could provide a better insight into 
the reaction mechanisms for other recalcitrant compounds. 
In this work three archetypal compounds present in the cork wastewater (Gallic Acid  -
3,4,5-trihydroxybenzoic acid, GA; Acetovanillone - 1-(4-Hydroxy-3-
methoxyphenyl)ethanone, AV; and Esculetin -6,7-Dihydroxy-2-chromenone) were 
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selected as representative compounds in the recalcitrant tannic fraction [72]. The bulk 
of the work here presented was performed around those three compounds. Since 
literature data are scarce [72] or in some cases nonexistent, and in order to keep the 
systems under study amenable, the radiolytic degradation of the three compounds will 
be studied separately. 
To study the complex chemical oxidation of GA, a pulse radiolysis study was 
conducted. Pulse radiolysis studies permit to have an insight in the first moments of 
the process. Also, subsidiary measurements were made with 3,4,5-trimethoxybenzoic 
acid (TMBA) and 3,4,5-trihydroxy methylbenzoate (MGA) in order to clarify the 
transient kinetics of these compounds. The degradation induced by gamma radiation 
will also be evaluated by UV spectroscopy and liquid chromatography (HPLC) with UV 
detection. After the understanding of the first step in the reactions of gallic acid with 
reactive intermediates, the identification of radiolytic stable intermediate products of 
degradation was performed by electrospray ionization mass spectrometry (ESI-MS). 
Those two sets of results led to an understanding of the process allowing a reasonable 
mechanism for the radiolytic degradation to be proposed. 
After GA, the attention was set on AV. Radiolytic degradation of AV and identification 
of additional stable reaction by-products was the focus of the next step. The 
separation of by-products was made by chromatographic separation of peaks and 
further identification by mass spectrometry detection. The AV degradation was 
monitored by UV spectrometry as well. Also the effect of AV concentration in radiolytic 
degradation was studied. To better frame the destruction mechanism, the kinetic 
modeling of acetovanillone degradation was used, based on Himmelblau et al. work 
[73] and compared to experimental data. The ultimate goal is the development of 
kinetic models that could be applied more generally to free-radical based technologies. 
The third compound studied was esculetin. Gamma irradiations were performed as 
well as tentatively identification of stable formed by-products. The same methodology 
of detection and identification as the one used for AV radiolytic by-products was 
applied. One of the main physical properties of coumarin derivatives as esculetin is the 
intense fluorescence that they display in ultraviolet or visible region. Therefore, the 2D 
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fluorescence spectra of diluted non irradiated and irradiated solutions of esculetin 
were performed. Despite the fact that those spectra are difficult to interpret and 
quantify, they clearly show the disappearance of esculetin and the formation and 
disappearance of other fluorescent compounds. Those, together with other data lead 
to the proposal of a mechanism for the degradation of esculetin. 
In the second part of the work, the effects on the biodegradability of GA and Esculetin 
after irradiation were studied. A natural cork wastewater bacterium has been selected 
from the irradiated wastewater at 10 kGy. The applied methodology was based on the 
evaluation of the growth kinetics of the selected bacteria by turbidimetry and colony 
forming units. The substrata to be used for growth were a minimal mineral medium 
with different carbon sources, such as the non-irradiated target compound and the 
irradiated target compound at 10 kGy. This approach was developed in order to 
understand the effects of gamma radiation on to the biodegradability of compounds 
using a natural bacterium present in cork wastewater. The minimal mineral medium 
was used to minimize the interferences of other nutrients on bacterium growth 
focusing only on carbon source added. 
Finally, the effects of gamma radiation on real cork cooking wastewater were studied. 
The organic matter content of cork cooking wastewater was determined by Chemical 
Oxygen Demand (COD) which indirectly measure the amount of organic compounds in 
water by titrimetric method using strong oxidative reagents. This parameter reflects a 
global oxygen capability uptake that can be due to a large variety of compounds 
including the phenolic compounds. The total phenolic concentration was measured 
using Folin Ciocalteau method [74] given a measurement of the phenolic groups 
present in the sample. Cork cooking wastewater samples were irradiated at two dose 
rate and four distinct doses of radiation. The gamma radiation effects were evaluated 
by physical-chemical parameters and the antioxidant activity by Ferric 
Reducing/Antioxidant Power (FRAP) assay. The correlations between these parameters 
were a novelty in this work and provide a better understanding of gamma radiation 
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The two research papers that are presented below report the experimental data 
obtained after irradiation of gallic acid (GA) aqueous solutions. 
In “Radiolytic degradation of gallic acid and its derivatives in aqueous solution” the 
stationary gamma irradiation of gallic acid was performed and results showed that at 1 
mM of GA, 30–50 kGy dose is needed to destroy the aromatic structure. The initial 
steps of GA radiolytic degradation were investigated by pulse radiolysis technique. 
Subsidiary measurements were also made with 3,4,5-trimethoxybenzoic acid and 
3,4,5-trihydroxymethylbenzoate. The experiments were performed in N2O, N2 and N2 
with 5% of tert-butanol saturated solutions to promote hydroxyl radical, hydrogen 
atom and solvated electron reactions, respectively. The obtained results lead to the 
conclusion that the high reactive species formed during water radiolysis (hydroxyl 
radical, hydrogen atoms and solvated electron) react with the solute molecules 
yielding cyclohexadienyl radical and further decays to phenoxyl radical. 
These results were complemented with the second part of the work presented in 
“Radiolytic degradation mechanism of gallic acid and its end-products”. In this 
communication, chemical oxidation of GA was also studied by gamma radiation. UV-Vis 
spectroscopy and electrospray ionization mass spectrometry (ESI-MS) were the 
selected techniques to monitor the GA degradation and identification of the structures 
of the main intermediate products, respectively. Based on the overall results obtained 
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diates of water radiolysis react with the solute molecules yielding cyclohexadienyl radicals. The radicals
formed in GA and MGA solutions in acid/base catalyzed water elimination decay to phenoxyl radicals.
This reaction is not observed in TMBA solution. The hydrated electron intermediate of water decomposi-
tion adds to the carbonyl oxygen, the anion thus formed protonates on the ring forming cyclohexadienyl
radical or on the carbonyl group forming carbonyl centred radical. The GA intermediates formed during
ater r
ids.adiolytic degradation reaction with primary w
to aliphatic carboxylic ac
. Introduction
Plants, e.g., green tea or red grape, are rich natural sources of
olyphenols, and they are commonly used as food additives and
olk medicine [1]. The effects of these compounds are associated,
o a great extent to their antioxidant properties, though other
echanisms may also be involved. The ability of polyphenols to
rotect cells from “oxidative stress” has been demonstrated. At the
ame timepolyphenols exhibit a broad spectrumof other biological
ctivities including anti-inﬂammatory, antivirial, antiatherogenic,
ntibacterial, aswell as anticancer effects. A possiblemechanismof
olyphenol cytotoxicity may be related to their prooxidant prop-
rties, since the same polyphenol compound could behave both as
ntioxidant and prooxidant, depending on the concentration and
ree radical source [2].
Polyphenols released in the environment in larger amount may
onstitute environmental hazard. In slightly alkaline aqueous solu-
ions in the presence of polyphenols, hydrogen peroxide can be
ormed: H2O2 may induce some unwanted oxidation in the nature,
.g., SO2 → SO3, which increases the acidity of natural waters and
ontributes to “acid rain” [3]. The concentration of polyphenols in
astewater should be controlled.
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oi:10.1016/j.jhazmat.2009.07.122adicals in presence of oxygen transform to non-aromatic molecules, e.g.,
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Among the polyphenolic compounds gallic acid (3,4,5-
trihydroxybenzoic acid, GA) and its derivatives constitute the most
important group. Attached to the benzene ring GA contains a car-
boxylic group and three phenolic OH groups in 3, 4, and 5 positions.
These groups undergo acid base equilibria with pKa of 4.4, 8.2, 10.7
and 13.1. The optical absorption spectrum of protonated GA in
acidic solution exhibits a single absorption band at max 268nm.
The peak blue-shifts to max 259nm with dissociation of the car-
boxyl proton (neutral solution). In slightly alkaline region, pH8–11,
there is a further dissociation at one of the phenolic OH groups
yielding a dianion with max at 297nm [4].
The wastewater of the wine and cork processing factories may
contain GA derivatives in large amounts. In cork stopper factories
the corkwood is immersed in boiling water for an hour for wash-
ing, the result is dark liquor which contains phenolic acids in high
concentration [5,6].
The puriﬁcation of wastewaters containing gallic acid and its
derivatives by electrochemical processes, by photo activation or
ozonization was studied previously [5,7–8]. Here we study the
reactions during high energy irradiation. Ionizing radiations offer
several advantages over the usual treatment methods (e.g., over
UV/H2O2 technique): high energy irradiation treatment does not
need additives, transparency and pH do not limit the treatment
and the energy consumption is generally low. However, for practi-
cal applications detailed feasibility studies are needed to show the
economical effectiveness.
Pulse radiolysis of GA and its derivatives was investigated
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witterions formed in •OH radical addition in the acidic solutions
o a large number of mono-, di- and trimethoxybenzoic acids,
mong them 3,4,5-trimethoxybenzoic acid (TMBA). Here there is
o possibility for phenoxyl radical formation, the adduct under-
oes OH− elimination yielding long lived zwitterion with negative
nd positive charge on the carboxyl group and on the ring. In the
pectrum of TMBA •OH adduct there is a maximum at 390nm with
000mol−1 dm3 cm−1 molar absorption coefﬁcient. The zwitteri-
ns formed in reaction with H+ show a sharp absorption band
round 300nm and a wider one above 400nm.
Richards and Adams [10] found two absorption bands in the
pectrum of the transient formed in •OH+GA reaction: one around
00nm and another at 325nm. They identiﬁed the former as the
ransient absorption band of phenoxyl radical, since most of the
henoxyl radicals have characteristic band in this region [11].
ccording to their suggestion the325nmbandbelongs to the cyclo-
exadienyl radical forming in •OH addition to the ring.
The phenoxyl radical formed in one electron oxidation of GA
ith such oxidant radicals as N3•, SO4•− and B2•− exhibits a max-
mum around 310nm and a shoulder at ∼400nm [12–14]. The
pectrumof the phenoxyl radical formed fromneutralMGA is simi-
ar to that of theGA.However, there is awell separatedpeak around
00nm in the spectrum taken in ionized methyl gallate.
In this paperwe report on the irradiation induceddegradationof
A using both transient absorption spectroscopic (pulse radiolysis)
nd ﬁnal product (UV spectroscopy, HPLC separation andUVdetec-
ion) techniques. For deeper understandingof the transient kinetics
e investigated the pulse radiolytic reactions of trimethoxygal-
ate (TMBA) and methylgallate (3,4,5-trihydroxy methylbenzoate,
GA), aswell.With this studywewant to clarify somedetails of the
adical scavenging reactions, and to contribute establishing irradi-
tion technologies for wastewater puriﬁcation.
. Experimental
GA, TMGA and MGA were purchased from Sigma–Aldrich and
sed as received. All chemicals were analytical grade. The pH of
olutions was set by HClO4 or NaOH. The aqueous solutions were
repared using Millipore deionized water.
In end product experiments the irradiation was done by 60Co
-irradiation facility with dose rates in the 1–9kGyh−1 range,
r by a 4MeV pulsed electron beam accelerator. The repetition
f pulses was 50Hz. The samples were evaluated either by tak-
ng UV–vis spectra using a JASCO 550 UV–vis spectrophotometer
ith 1 cm cell, or by HPLC separation and by detection using
diode array detector. Our chromatographic system consisted
f a Jasco PU-2089Plus quaternary gradient pump, a Jasco MD-
015Plus diode array Multiwavelength Detector and Nucleosil 100
18 5m, 15×0.4 cm2 column (Technokroma®) [15]. The ﬂow
ate was 1 cm3 min−1 and the injection volume 20mm3. The sol-
ents employedwere0.05moldm−3 hydrochloric acid inwater and
ethanol at isocratic elution gradient.
In pulsed radiolysis experiments, we used the same electron
ccelerator as in irradiation for end products. The investigations
ere carried out using 800ns or 2.5s pulses of acceleratedaterials 172 (2009) 1185–1192
electrons, and an optical detection system with 2 cm pass-length
[15].
All experiments were carried out at room temperature.
3. Results
3.1. Pulse radiolysis
3.1.1. •OH radical reaction
During irradiation of aqueous solutions three transient radi-
cals are produced from water decomposition: hydroxyl radical,
hydrated electron, and hydrogen atom. Their yields are taken as
0.28, 0.28 and 0.06mol J−1 [16]. In N2O saturated solutions due
the eaq− +N2O+H2O→ •OH+eaq− +N2 transformation the react-
ing radicals and their yields are: hydroxyl radical 0.56mol J−1,
hydrogen atom 0.06mol J−1. We studied the rate coefﬁcient of
the •OH+GA reaction by the build-up of absorbance in 3.5–12 pH
range. In this range we measured the so-called diffusion controlled
rate coefﬁcient as (1.2±0.15)×1010 mol−1 dm3 s−1. The lack of pH
dependence is simply due to the limitation by diffusion. Dwibedy
et al. [13] and O’Neill et al. [9] published 1.1×1010 mol−1 dm3 s−1
and9×109 mol−1 dm3 s−1 in theneutral andacidic pH rangesusing
also pulse radiolysis technique. Benitez et al. [5] obtained a similar
value (1.1±0.1)×1010 mol−1 dm3 s−1 by Fenton •OH generation
and using competitive technique.
In the spectral studies with GA we set the pH to investigate the
reactions of theneutralmolecule,monoanionanddianionat pH3.7,
6.8 and 9.7, respectively (Fig. 1). At these pH values two or three
absorption bands with peaks between 300–350 and 350–450nm
were observed. However, the shapes of the bands, the places of
the maxima and the changes of absorbances in time were strongly
dependent on the pH.
At pH 6.8 the lower wavelength band was composed of two
absorption peaks (Fig. 1A), at 310 and 340nm. The 310nm peak
decayed quickly in time (see Inset), whereas the intensity of the
340nm peak slightly increased in the time window of investiga-
tion. The longer wavelength band had maximum at 410nm and
the absorbance decreased to about its half during 140s.
At pH 3.7 there is no absorption peak at 310nm (Fig. 1B). It may
form, however its decay should be faster than 10s. The maximum
of the low wavelength band is at about 340nm, of the long wave-
length band it is at 430nm. Both bands are wide and structureless.
At pH 9.7 there is a peak at 335nm, and a shoulder at 400
(Fig. 1C). The absorbance around 400nm slightly decreases in time
on the millisecond timescale.
In the spectrum of TMBA at pH 3.5 (Fig. 2A) we found the same
absorption bands as in the case of GA: a band around 300–340nm
and a second one with maximum around 420nm. The basic differ-
ence between the low pH spectra of TMBA and GA that in TMBA
spectrum both bands decrease strongly and practically there is no
compensation of the decrease of absorbance in time at 420nm
by the increasing absorbance at lower wavelength. At longer time
there is an absorption band with maximum around 325nm. This
absorbance appears in most of the spectra measured here and it











order to transformeaq toH in reaction eaq +H →H ) containing
5vol.% tert-butanol (to convert •OH radicals to less reactive tert-
butanol radicals). In the spectrum of Fig. 4 the 300–350nm band is
missing, there is only a wide band with max at 430nm. The build-
up of absorbance at 1mmoldm−3 GA concentration needs a fews.ig. 1. Absorption spectra of intermediates formed in •OH radical +GA reaction at
H 6.8 (A), 3.7 (B) and 9.7 (C), respectively, taken in N2O saturated 1mmoldm−3 GA
olutions. Inset of (A) shows the decay of the 310 peak on 10s timescale.
ay be due either to a long living radical intermediate or to a ﬁnal
roduct. With TMBA the 420nm absorbance is very strong even at
H 10.6 (Fig. 2B). This absorbance is certainly due to cyclohexadi-
nyl radical that forms in •OH radical addition to the aromatic ring.
ransformation of this radical to phenoxyl radical is highly blocked
y the methyl substitution at the hydroxyl groups. The decay of
he cyclohexadienyl radicals needs ∼1ms. The radical zwitterion,aterials 172 (2009) 1185–1192 1187
studied by O’Neill et al. [9] in our system has low yield: it may give
some contribution to the absorbance around 300 and 550nm.
In the transient spectrum formed in methyl gallate + •OH reac-
tion at pH 4.7 the shorter wavelength band is at 330nm, the longer
wavelength band has a maximum around 425nm (Fig. 3A). The
absorbance at 425nm decreases on the 10s timescale, whereas
the intensity of the 330nm band remains essentially the same. This
behaviour is similar to that observed for neutral GA at pH 3.7, in
both cases the carboxyl group is non-ionized. Above the ﬁrst ion-
izationofMGA(pKa 8.03 [12]) atpH10 there is awidebandbetween
350 and 450nm, the shape of the spectrum does not change during
the decay of several microseconds (Fig. 3B). This wide band in the
350–450nm range resemble the phenoxyl radical absorption spec-
tra of methyl-, bromo- and chloro substituted phenoxyl radicals
[11,17]: at high pH the MGA spectrum also shows some structure.
So the spectrum on Fig. 3B could belong to the phenoxyl radical of
MGA.
3.1.2. H• atom reaction
The hydrogen atom reactions were studied by using the stan-
dard technique:N2 saturated,moderately acidic solution (pH2.2, in
− • − + •Fig. 2. Absorption spectra of intermediates formed in reactionbetween •OHradicals
and 3,4,5-trimethoxybenzoic acid (1mmoldm−3, N2O saturated) at pH 3.5 (A) and
10.6 (B).











cig. 3. Absorption spectra of intermediates formed in reactionbetween •OHradicals
nd methyl gallate (1mmoldm−3, N2O saturated) at pH 4.7 (A) and 10 (B).
ssuming a 100% consumption of H• atoms in reaction with GA the
olar absorption coefﬁcient in the maximum is calculated to be
.a. 4500mol−1 dm3 cm−1. The second-order rate coefﬁcient of the
• +GA reaction is around 5×108 mol−1 dm3 s−1. The absorbance
ecreased slowly: about 300s is needed to decrease c.a. by 80%.
he decay is second-order with 2k≈1.5×108 mol−1 dm3 s−1.
ig. 4. Absorption spectra of intermediates formed in the reaction between H•
toms and GA in N2 saturated pH 2.2, 1mmoldm−3 GA and 5vol% tert-butanol
ontaining solution.aterials 172 (2009) 1185–1192
3.1.3. Identiﬁcation of the absorptions bands of intermediates
In agreement with the suggestion of Dwibedy et al. [13] in
the case of gallic acid the absorption band in the 350–450nm
range basically belongs to cyclohexadienyl radical, the peak in
the 300–350nm range is due to phenoxyl radical absorption. The
invoked arguments are:
1. In theHatomadduct spectrum the430nmband is very strong (H
atom adduct cyclohexadienyl radical), whereas the lower wave-
length band is weak. The H atom adduct does not transform to
phenoxyl radical.
2. The300–350nmband isweak in the transient spectrumof TMBA
formed in •OH reaction. With this compound phenoxyl radi-
cal formation is highly hindered. The band also appears in the
•OH reaction of MGA. In the latter case due to the presence of
hydroxyl groups phenoxyl radicals can easily form.
3. In GA solutions the intensity of the 350–450nm band decreases
in the 10s timescale, the intensity of the 300–350nm band
increases or remains unchanged. This fact shows the conversion
of the cyclohexadienyl radical to phenoxyl radical.
4. The absorption spectrum observed after the conversion in our
studies is similar to the phenoxyl radical absorption spectrum
obtained by direct oxidation [12–14].
3.1.4. Cyclohexadienyl radical→phenoxyl radical conversion
According to the classical work of Land and Ebert [18] the
transformation of •OH adduct cycohexadienyl radical formed
from phenol to phenoxyl radical takes place by an acid/base cat-
alyzed reaction. Similar transformation mechanism was suggested
for the hydroxyl radical adducts of a few other phenolic type
compounds. In the case of p-cresol the rate coefﬁcients of the
CH3(OH)•C6H4OH+H+(OH−)→CH3C6H4O• +H2O+H+(OH−)
acid and base catalyzed reactions are 1.8×108 and
4.9×1010 mol−1 dm3 s−1, respectively [19]. As regards GA,
Dwibedy et al. [13] suggested •OH adduct +GA reaction for this
transformation. If the reaction takes place with acid/base catalyzed
mechanism (reactions (1) and (2)) the transformation rate is
strongly pH dependent, but independent of the GA concentration.
The opposite is true for the •OH adduct +GA transformation
mechanism (reaction (3)).
(OH)4•C6H2COOH + H+ → ((OH)4•C6H2COOH)H+




→ •O(OH)2C6H2COO−+H2O + OH− (2)
(OH)4•C6H2COOH + (OH)3C6H2COOH
→ •O(OH)2C6H2COOH + product (3)
2(OH)4•C6H2COOH → (OH)4C6HCOOH + (OH)4C6H3COOH (4)
In our experiments we found pH dependence but independence
from GA concentration, the result indicates again acid/base cat-
alyzed reaction. If the base catalyzed reaction takes place with a
similarly high rate coefﬁcient as in the case of p-cresol, the cyclo-
hexadienyl→phenoxyl transformation of GA at high pH needs a
fews. That is why we cannot see strong absorbance (cycohexadi-
enyl radical) at pH 9.7 around 400nm 5s after the pulse (Fig. 1C).
The cyclohexadienyl→phenoxyl transformation is in competition
with bimolecular reactions of cyclohexadienyl radicals (reaction
(4)). The reaction can yield gallic acid derivative with four OH
groups attached to the ring (2,3,4,5-tetrahydroxybenzoic acid). The


























−1 3 −1ig. 5. Absorption spectra of intermediates formed in the reaction between eaq−
nd GA (1mmoldm−3) at pH 3.9 (A) and between eaq− and TMBA (1mmoldm−3) at
H 10.6 (B), in N2 saturated, 5 vol% tert-butanol containing solutions.
ompound may have somewhat different absorption spectrum as
he starting compound GA.
.1.5. eaq− reaction
The reaction of hydrated electron with GA was studied at pH
.9 in N2 saturated 5vol.% tert-butanol containing solution. In the
bsorption spectra there are two bands with maxima at 340 and
35nm (Fig. 5A). At 5s the two bands have nearly identical inten-
ities, however, the longer wavelength band decays faster than the
horter wavelength band, indicating that these two bands belong
o two different intermediates.
Dwibedy et al. [13] also reported eaq− adduct spectrum for gal-
ic acid. They observed a similar longer wavelength band as we
ound, however they did not identify the peak. When we make a
ossible identiﬁcation we should take into account that the longer
avelength band shows similarities to the absorption band of the
yclohexadienyl radical that forms in H• atom addition reaction.
The reaction between eaq− and benzoic acid was investigated
n several publications and the absorption bands in the spectrum
ere identiﬁed. Both in GA and benzoic acid the eaq− would enter
he lowest vacant molecular orbital available which might be con-
iderably delocalized due to the overlap of the  systems of the
romatic ring and the carboxylic side chain [20]. In case of ben-
oic acid this electron capture is followed by a protonation (pKa
.3), the protonation is suggested to take place on the carboxylic
oiety. The intermediate has an absorption band between 290 andFig. 6. Absorption spectra taken in air saturated 0.2mmoldm−3 GA solution at nat-
ural pH.
340 with maximum at 335nm. We assume that in the case of the
GA pKa is lower due to the three electron donating OH groups. The
lower wavelength band is probably due to the radical formed by
protonationat the carboxylic group (reaction (6)). Thehigherwave-
length band seems to be due to an H•-atom adduct that forms in




This identiﬁcation gains support from the measurements made
with TMBA (Fig. 5B). At highpH in the absorption spectrumof inter-
mediate formed in reaction between eaq− and TMBA we see only
the low wavelength peak. The molar absorption coefﬁcient for this
peak is calculated to be in the order of 1.5×104 mol−1 dm3 cm−1.
For benzoic acid the absorption coefﬁcients of intermediates
with radical sites on the carboxyl group and on the ring are
(1.5–2.5)×104 mol−1 dm3 cm−1 and (3–4)×103 mol−1 dm3 cm−1
(Simic and Hofmann, 1972). As it was mentioned before the H
atomadduct ofGA (cyclohexadienyl radical) has amolar absorption
coefﬁcient of c.a. 4500mol dm cm .
3.1.6. Experiments in the presence of air
In Fig. 6 we show the spectrum taken in 0.2mmoldm−3 air sat-
urated GA solution at natural pH (∼4.1). Due to the low solute



























































Fig. 7. Absorption spectra of air saturated un-irradiated and EB (A) or gamma (B)190 R. Melo et al. / Journal of Hazard
oncentration, H• and eaq− practically entirely react with O2,
herefore •OH radicals and the HO2•/O2•− pair (pKa 4.8) are the
ossible reactive intermediates. We have to note that O2−
•
has
ow reactivity with GA (rate coefﬁcient 3.4×105 mol−1 dm3 s−1),
nd the reactivity with HO2• is probably even lower, in the reac-
ion phenoxyl radical formation is expected [12]. The spectrum is
ore complicated than a simple •OH adduct spectrum, showing
ncreased number of transients. At this pH both the neutral and the
ingly ionized forms are present in comparable concentration. The
bsorbance around 430nm is observed in the •OHadduct spectrum
aken in N2O saturated solution, as well, and belongs to the cyclo-
exadienyl radical absorption. The intensity of this peak decreases
uickly and that of the wide absorption band in the 300–400nm
egion (phenoxyl radical) slightly increases. Similar behaviour was
bserved in N2O saturated solution. Based on the similarity of the
pectral changes in N2O and air saturated solutions we suppose
hat the intermediate radicals are not very much sensitive to O2
t this pH. There are also differences between the spectra taken in
ir saturated and N2O saturated solutions. In air saturated solution
he intensity is much smaller than in N2O saturated solution; this
s due to the smaller •OH radical yield (0.28 and 0.56mol J−1).
.2. Steady-state degradation experiments
Fig. 7 shows theabsorption spectraof air saturatedun-irradiated
nd electron beam (A) or gamma (B) irradiated 1mmoldm−3 GA
olutions at pH3.7. Because of the high absorbance in theUV region
efore the spectrophotometric measurements we applied 10 times
ilution. The intensity of the 240–310nm absorption band (char-
cteristic to aromatic ring) decreases with the dose: at 20kGy the
ecrease is c.a. 40–70%. A weak new band appears with maxi-
um around 290–310nm. The absorbance curves cross each other
t about 307nm, however, as the higher resolution spectra have
hown, there is no real isosbestic point here. At higher doses in the
40–310nm region there is nowell deﬁned absorption peak,which
hows complete destruction of the aromatic structure. The struc-
ureless absorbance may be due to a large number non-aromatic
roduct.
As mentioned in Section 3.1.6, in air saturated solution a part of
he hydrated electrons and H• atoms reacting with dissolved oxy-
en transforms to the HO2•/O2•− pair. The low reactivity of the
air with GA is also evident from the degradation experiments we
ade in oxygen saturated 0.05moldm−3 sodium formate contain-
ng solution. In such solution through the reactions:
CO2−+
•
OH → CO2•− +H2O k= 3.2×109 mol−1 dm3 s−1 (8)
O2•− +O2 → CO2 +O2•− k = 4.2×109 mol−1 dm3 s−1 (9)
•OH is also converted to superoxide radical anion. The mod-
rate decrease observed in HCOONa solution in addition to the
O2•/O2•− reaction with GA, partly can also be due to a not com-
lete scavenging of water radiolysis intermediates by O2 or HCOO−
nd their reaction with GA.
As the insets in Fig. 7 show the efﬁciency of GA degradation
s slightly higher in the absence of oxygen than in its presence.
n N2O saturated solution, when through •OH radicals, cyclo-
exadienyl and phenoxyl radicals are produced there is a strong
ecrease of the GA concentration with the dose: the logarithm
f absorbance decreased linearly with the dose that is generally
bserved in hydroxyl radical reactions [21]. The radical–radical
eactions of cyclohexadienyl and phenoxyl radicals lead to destruc-
ion of the aromatic rings (initial yield G≈0.1mol J−1). In N2
aturated solution the decomposition may take place through
OH adduct cyclohexadienyl radicals, phenoxyl radicals, H• adduct
yclohexadienyl radicals and intermediateswith radical siteson the
arboxyl group. The efﬁciency is similar in N2O and N2 saturatedirradiated 1mmoldm−3 GA solutions. Before taking the spectra the solutions were
10 times diluted. Insets: relative absorbance measured at 265nm as a function of
dose.
solutions up to 15kGy, above this dose the efﬁciency in N2 satu-
rated solution is smaller. Decrease of the reactivity with increasing
dose is observed when the reactivity of the water radiolysis inter-
mediates with product molecules is higher than with the starting
compound. In Fig. 7A we show also the degradation in tert-butanol
containing N2 saturated solution: the sharp decrease shows the
high efﬁciency of hydrated electrons in destructing GA molecules.
We investigated the product formation by EB irradiating the
solutionswith increasing doses up to 84kGy. As the 3Dplot in Fig. 8
shows we obtained a good HPLC separation of GA and its products.
The GA is eluted at 7.6min and the three main radiolytic products
(RPI, RPII and RPIII) have retention times of 3.9, 4.8 and 5.6min,
respectively.
The relative integrated absorbancies (normalized to the maxi-
mum integrated absorbance) of GA and those of the main products
RPI, RPII and RPIII are shown as a function of dose in Fig. 9A. Based
on the absorption spectra in Fig. 9B we can conclude that the prod-
ucts are not aromatic molecules. This ﬁnding is in agreement with
the work of Boye et al. [7], who in electrochemical oxidation under
conditions where •OH radicals are the main reacting species iden-
tiﬁed aliphatic (oxalic, malic, formic, maleic and fumaric) acids as
products of oxidation. Due to the formation of acids we found a








aig. 8. HPLC 3D chromatogram of 1mmoldm−3 GA aqueous solution, pH 3.1 irradi-
ted at 360kGy/h dose rate with 48kGy dose.radual decrease of the pH with the dose in air saturated solutions:
n 1mmoldm−3 unbuffered solution the pH decreased from ca. 3.7
o 3.2 after 40kGy absorbed dose.
In Fig. 9A, the RPIII formation starts at small doses, the curve
oes over a maximum at ∼6kGy. The formation curve of RPII has a
ig. 9. Dose dependencies of integrated absorbancies of GA, RPI, RPII and RPIII (A)
nd their absorption spectra obtained in HPLC separation (B).aterials 172 (2009) 1185–1192 1191
maximumat∼24kGy. Although there is a larger delay in the forma-
tion of RPI, the maximum is at about ∼58kGy. The decay of GA and
the formationof RPII andRPIII showsomeparallelism, however, the
formation of RPI may be connected with the decay of formation of
RPIII. Therefore, RPI is probably due to a secondary decomposition.
We repeated the degradation experiments by setting the pH
to 7. In N2O and N2 saturated solutions at higher pH we found
somewhat smaller degradation efﬁciencies than at lower pH. In
air saturated solution, however, higher efﬁciency was measured at
high pH indicatingmore effective reaction between oxygen and the
intermediates of GA decomposition. No pH dependency was found
in solutions containing HCOONa. At lower pH reaction between
HO2• and GA, at the higher between O2•− and GA monoanion is
expected, the results suggest lowrate coefﬁcients for both reactions
as suggested [12].
4. Conclusion
Based on pulse radiolysis studies performed with GA, TMBA
and MGA we conclude that hydroxyl radical reacts with the solute
molecules yielding cyclohexadienyl radicals with light absorption
in the 350–450nm wavelength range. In GA and MGA solutions
in acid/base catalyzed water elimination reaction the cyclohexa-
dienyl decays to phenoxyl radical with absorption maximum in
the 300–350nm range. In the case of TMBA the cyclohexadienyl
radical→phenoxyl radical transition is blocked since no water
elimination could take place. In the reaction of hydrogen atoms
cyclohexadienyl radicals are produced. The hydrated electron gets
scavenged on the carbonyl oxygen. In the subsequent protonation
carbonyl centredor ring centred (cyclohexadienyl) radicals arepro-
duced.
In 1mmoldm−3 GA solution 30–50kGy dose is needed to
destroy the aromatic structure, at lower concentrations propor-
tionally lower doses are required. The efﬁciency of degradation of
the aromatic structure is similar in •OH and eaq− reactions. In air
saturated solution it is somewhat smaller than in the absence of
oxygen. In degradation of gallic acid aliphatic carboxylic acids form
as indicated by the decrease in pH.
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Radiolytic degradation mechanism of gallic acid and its
end-products
R. P. Melo1*, J. P. Leal2,3 and M. L. Botelho1
1Unit of Physics and Accelerators, Nuclear and Technological Institute, Estrada Nacional 10, 2686-953 Sacave´m, Portugal
2Unit of Chemical and Radiopharmaceutical Sciences, Nuclear and Technological Institute, Estrada Nacional 10, 2686-953
Sacave´m, Portugal
3Departamento de Quı´mica e Bioquı´mica, Faculdade de Cieˆncias da Universidade de Lisboa, 1149-016 Lisboa, Portugal
Gallic acid is one of the most representative biorecalcitrant phenolic compounds present in cork processing
wastewater. In this communication, chemical oxidation of gallic acid was studied by gamma irradiation as an
advanced oxidation process. This technology turns out to be an advantageous tool for the degradation of gallic acid.
The results obtained byUV-Vis and electrospray ionizationmass spectrometry (ESI-MS) techniques are in agreement
concerning the suitability of this technique to degrade gallic acid. ESI-MS and ESI-MS2 monitoring of the
non-irradiated and irradiated gallic acid solutions leads to the identiﬁcation of the main intermediate products.
Based on the overall results obtained a consistent mechanism of radiolytic degradation of gallic acid is proposed. The
application of radiation as a tool to increase the biodegradability of wastewaters is an important issue from the
perspective of Green Chemistry. Copyright  2010 John Wiley & Sons, Ltd.
Industrial activity frequently causes, as undesired
by-products, a great amount of wastewater. These waste
waters cannot be discharged directly in nature because of
high levels of contaminants. Industrial wastewater treatment
technologies have been widely used in order to reduce
the organic load, as well as other contaminants present,
before its discharge in public efﬂuents. Among all the
used processes, biological ones are commonly used due to
economical reasons. However, in some cases, the presence of
biorecalcitrant compounds blocks the biological processes.
Therefore, it is crucial to understand how those biorecalci-
trant compounds can be eliminated or transformed in order
to turn biological processes feasible. Gallic acid (GA) is a good
antioxidant and antimicrobial compound[1,2] but is also one of
the most representative biorecalcitrant phenolic compounds
present in cork processing wastewater, and, therefore, it
could be considered as a model pollutant of the wastewater
generated in the cork boiling process.[3] The maximum
amount allowed in drinking water by environmental
protection organizations in Canada, USA and EU is 2mg
per liter.[4]
The chemical oxidation of GA has been studied by means
of ozone, UV radiation and H2O2,
[5] but there is a lack of
information on its degradation products. It is of no use if the
degradation products of GA are themselves biorecalcitrant
ones or, even worse, more dangerous pollutants than the
departure compound. Also reported are the degradation of
GA by electrochemical processes[6] or by heterogeneous
photocatalytic degradation.[7] In the ﬁrst one of these
processes the intermediate products were inferred to be
aliphatic acid compounds. Degradation induced by radiation
of complex compounds is also a promising technology to
achieve the aforementioned goal of degrading biorecalcitrant
species allowing the subsequent use of biological pro-
cesses.[8–10] One of the main advantages of radiolytic
processes is the fact that no other chemicals are added to
the wastewater.
Carboxylic and hydroxyl groups in aqueous solution
undergo radiolysis predominantly via reactionswith primary
intermediates of water radiolysis, namely OH radicals,
solvated electrons and H atoms. In the presence of oxygen,
reactions with superoxide (O2 ) ion radical are also
observed.[11] The ﬁrst steps in the reactions of gallic acid
with reactive intermediates of water radiolysis have already
been studied.[12] The OH radical interactions with gallic acid
lead to the formation of an adduct that reacts with other
radical ions leading to the formation of stable end-products.
In this work the goal is to identify the main radiolytic stable
intermediate products and propose a reasonable mechanism
for the radiolytic degradation of gallic acid.
The identiﬁcation of radiolytic stable intermediate pro-
ducts of degradation will be made by electrospray ionization
mass spectrometry (ESI-MS). The relatively well-known
mechanism of degradation of phenol by means of ESI-MS[13]
was used as a hint guide to the gallic acid system.
EXPERIMENTAL
3,4,5-Hydroxybenzoic acid (gallic acid) [149-91-7] was
obtained from Sigma-Aldrich and used without further
puriﬁcation. The gallic acid solutions (1mmol/dm3) were
preparedwith extra purewater from aMillipore1 system. All
experiments were carried out at pH¼ 4. At this pH value GA
is totally in the protonated form (pKa1¼ 4.16, pKa2¼ 8.55,
pKa3¼ 11.40 and pKa4¼ 12.80).[14] The gamma irradiation of
Rapid Commun. Mass Spectrom. 2011, 25, 218–222
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the gallic acid solutions was carried out at the 60Co facility
in the Radiation Technology Unit located at the Nuclear
and Technological Institute.[15] The dose rate during the
investigation was 2.5 kGy/h and the measured absorbed
doses were determined by routine dosimeters[16] as 1, 9 and
38 kGy.
UV-Vis spectra were recorded on a Shimadzu UV-1800
spectrometer. The spectra were obtained in the region of
200–400 nm. Electrospray ionization mass spectrometry
(ESI-MS) was performed using a Bruker HCT quadrupole
ion trap mass spectrometer. Sample solutions of approx. 105
M in acetonitrile were introduced into the ESI source via a
syringe pump at a ﬂow rate of 150mLmin1. The heated
capillary temperature was set to 2508C and the cover gas (N2)
to a ﬂow rate of 2 L min1. For MS2 experiments, the
precursor ion of interest was ﬁrst isolated by applying an
appropriate waveform across the end-cap electrodes on
the ion trap. The isolated ions were then subjected to a
supplementary ac signal to resonantly excite them and
therefore cause collision-induced dissociation.
RESULTS AND DISCUSSION
Figure 1 shows the UV-Vis spectra of non-irradiated and
irradiated gallic acid solutions (1mM). Gallic acid solutions
present two absorbance maxima at 269 and 212 nm (see
Fig. 1). These peaks are due to the carboxylic acid group
coupled with a benzenic ring and hydroxyl groups in the
ortho-, para- and meta-positions in the ring, respectively.[17]
Increasing the irradiation dose causes the absorbance of
the peaks overall maximum to decrease. This fact clearly
shows that irradiation effectively degrades gallic acid. The
amount of the degradation can be estimated by deﬁning a
degradation factor ((A0 – A)/A0 100, where A0 and A are
the absorbencies of gallic acid solutions at 269 nmprior to and
after irradiation, respectively). This factor increases, not
linearly; with the dose reaching approximately 76% at 38 kGy
(see the inset in Fig. 1). However, even at 9 kGy the gallic acid
degrades almost at 35%.
Having proved that radiation effectively degrades GA, the
next step is the search for identiﬁcation of the formed
products. For that purpose the ESI-MS technique was used.
Figure 2 displays representative ESI-MS spectra acquired for
the gallic acid solutions before (Fig. 2(a)) and after (Fig. 2(b))
9 kGy irradiation. In the initial solution (without irradiation),
gallic acid is detectedmainly as amono-deprotonated species
of m/z 169. However, after irradiation (Fig. 2(b)), a huge
decrease in the gallic acid peak intensity is noticed and other
anions are clearly detected. Some of them were studied
in more detail in an attempt to identify the species. Those
are peaks assigned as [A] (m/z¼ 265); [B] (m/z¼ 283), [C]
(m/z¼ 299), [D] (m/z¼ 311) and [E] (m/z¼ 329). To propose a
structure for those compounds MS2 spectra were acquired.
An example for species [D] is presented in Fig. 3. The spectra
shows that [D] anion ofm/z¼ 311 breaks leading to successive
losses of CO2 (44 u). This fact supports the structural
assignment of [D] as amulti-carboxylic acid (Fig. 4). The same
kind of reasoning was applied to the other anions studied.
Based on the ESI-MS, ESI-MS2 data and previous knowledge
obtained from pulse radiolysis studies,[12] a general reaction
sequence for the degradation of gallic acid by gamma
radiation is proposed (Fig. 4).
First, an initial hydroxyl attack, probably at the activated
ortho positions of the aromatic ring, form an adduct (1).
Subsequent oxidation (2) and loss of a water molecule
generate radical (3). However, the reduction of (1) could lead
to the formation of a quinone by the nucleophilic attack of
superoxide radical and water molecule release (4), which
undergoes a ring opening and the formation of an aliphatic
structure like the ones presented in (5). These structures
could rearrange and react with radical (3) generating the
compounds (A) to (E) among other similar ones. The
proposed radiolytically formed compounds are multi-
carboxylic acids and still have the benzenic ring. This
information is consistent with the fact that in Fig. 1 the peak at
212 nm remains present, even smaller (there still some
hydroxyl groups connected to the ring), when the one at
269 nm almost disappears (most of the carboxylic groups are
far away from the benzenic ring).
Figure 1. UV-Vis spectra of the non-irradiated and irradiated gallic acid solutions (1mM) (black – non-irradiated solution; dark grey
circle– solution irradiated with 1 kGy dose; light gray triangle – solution irradiated with 9 kGy dose; lighter gray square – solution
irradiated with 38 kGy dose). Inset: calculated degradation of gallic acid (considering the 269nm peak) versus irradiation dose.
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Figure 3. ESI-MS2 spectrum of isolated anion [D] with m/z¼ 311.
Figure 2. ESI-MS spectrum of: (a) gallic acid solution (1mM; pH¼ 4). The two peaks can be identiﬁed as mono-deprotonated GA
(m/z¼ 169) and its dimer (m/z¼ 339) formed in the ionizing chamber; (b) irradiated gallic acid solution (1mM; pH¼ 4; 9 kGy).
wileyonlinelibrary.com/journal/rcm Copyright  2010 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2011, 25, 218–222




If a higher dose of radiation is inputted in the sample, even
species such as the ones proposed (structures A to E) suffer a
ring breakage, resulting mainly aliphatic polycarboxylic
acids. This can be seen in Fig. 5 (Dose¼ 38 kGy) and is in
keeping with the conclusions stated by Panizza and
Cerisola.[6] The relative intensity of gallic acid in Fig. 5 is
substantially lower compared with the one in the ESI-MS
spectrum at 9 kGy (Fig. 2(b)). Aromatic compounds (such as
e.g. [A]–[E]) are still present, but in a very small amount being
the majority of the observed aliphatic species.
To give a clearer view as to how the intensities of the
involved species varywith applied dose, the relative intensity
of the mono-deprotonated gallic acid [GA], the main foreseen
structures [A]-[E] in the ESI-MS spectra at 1, 9 and 38 kGy and
the sum of all other peaks present in spectra are presented in
Table 1.
The decrease in intensity of mono-deprotonated gallic acid
in the ESI-MS spectrum is in line with the obtained results
from theUV-Vis spectrum (Fig. 1). The intermediate products
A-E appear when the sample is submitted to irradiation, but
even these compounds will suffer subsequent degradation as
the dose increases. With a high enough dose not only gallic
acid, but also the aromatic intermediate products, tend to
disappear.
Figure 5. ESI-MS spectrum of irradiated gallic acid [GA] solution (1mM; pH¼ 4) at 38 kGy.
Figure 4. Proposed reaction sequence for the degradation of gallic acid by gamma irradiation and some of the possible
radiolytic products.
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Gama irradiation proved to be an advantageous tool for the
degradation of phenolic acids such as gallic acid. The results
obtained by UV-Vis and ESI-MS techniques both conﬁrm
that gallic acid is degraded by several paths, ﬁrst to aliphatic
and other aromatic compounds and ﬁnally to aliphatic
polycarboxylic acids. ESI-MS and ESI-MS2 monitoring of the
non-irradiated and irradiated gallic acid solutions reveals the
potential radiolytic intermediate compounds and based on
these and on work previously done a reasonable mechanism
for radiolytic degradation of gallic acid is proposed. This
mechanism provides an explanation for the experimentally
measured spectra, is consistent with other existing literature
results and opens good perspectives to understand how
this family of compounds degrades under radiation. There-
fore, the improved knowledge obtained should facilitate the
establishment of unknown reaction mechanisms for other
recalcitrant compounds. In the future, we intend to explore
the feasibility of radiolytic treatment as a technique suitable
to increase the biodegradability of wastewaters.
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the ESI-MS spectra at 1, 9 and 38 kGy
Dose (kGy) [GA] [A] [B] [C] [D] [E] All other peaks
0 81.1 0 0 0 0 0 18.9b
1 21.3 1.3 6.0 0.4 2.1 0.9 68.0
9 9.3 1.0 4.9 1.2 1.7 1.2 80.7
38 0.3 0.4 0.5 0.3 0.3 0.3 97.7
a Relative intensity (as a percentage) is calculated dividing the intensity of each peak by the sum of all peaks in the spectra (in
this case GAþA-Eþ all other).
b In this case the value is almost due to the dimer peak.
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4 CHAPTER 4 – RADIOLYTIC 
DEGRADATION MECHANISM OF 
ACETOVANILLONE 





In “Radiolytic degradation mechanism of acetovanillone”, gamma irradiation of 
acetovanillone (AV) solutions was investigated to access its degradation rate and to 
identify the main by-products. Also a degradation mechanism was tentatively 
proposed. The results of AV radiolytic degradation presented in this research paper 
showed that the solution concentration affects the radiolytic response and the by-
products formed. At high concentration the predominantly reaction pathways leads to 
structural changes in the benzene ring. At low concentration, the dominate reactions 
involve opening the benzene ring. However, the most important conclusion of the 
proposed mechanism is that radical´s recombination occurs and due to that fact, 
irradiating at doses higher than a certain limit brings no advantage for the degradation 
of AV. The importance of this conclusion relays in the fact that lower doses apparatus 
can be efficiently used to do this job keeping the operation costs on the lower side. 
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Abstract 
Acetovanillone is a toxic by-product of lignin which is one of the main components of cork 
wastewater. Gamma radiation as an advanced oxidation process was applied to access the 
degradation rate of acetovanillone and the main by-products were identified.  Also a tentatively 
mechanism is proposed. Results showed that solution concentration affects the radiolytic 
response including the by-products formed. At high concentration the predominantly reaction 
pathways leads to structural changes in the benzene ring. At low concentration, the dominate 
reactions involves rupturing the benzene ring. These results provide better in sight into the 
reaction mechanisms for other recalcitrant compounds. 
Keywords: acetovanillone, polyphenols, radiolysis, radiolytic degradation, kinetic models 
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1. Introduction 
Pulp, paper and cork production is a resource-intensive industry that consumes large amounts of 
energy and water. These industries have an important economic activity on the Iberian Peninsula 
and as far as cork is concerned, it represents 82 % of the world's production [1]. Lignin is one of 
the main components of wastewaters produced in those processes and represents an important 
issue for wastewater treatment. It has been reported that one of the lignin breakdown products is 
acetovanillone (AV) a toxic by-product [2].  
Advanced Oxidation Processes (AOPs) are alternative technologies for industrial wastewater 
treatment due to high removal efficiencies [3,4,5]. AOPs involve the formation of the hydroxyl 
radical (HO•), as an oxidizing species. This reactive species is capable of degrading a large 
number of organic compounds in water [6]. The chemical oxidation of AV has been studied by 
means of UV radiation and the use of H2O2 [7]; however, the degradation pathways have not 
been fully elucidated. One of the main issues associated with AOPs is the formation of reaction 
by-products, which themselves may be bio-recalcitrant or possibly more toxic than the parent 
compound.  
Using treatment of complex mixtures by ionizing radiation, one of the AOP alternative 
technologies, is promising because it may achieve degradation of bio-recalcitrant species with 
the formation of by-products amenable to biological treatments [8,9,10]. One of the main 
advantages of radiolytic processes is the fact that no other chemicals are added to wastewater. 
This study focused on the radiolytic degradation of acetovanillone using gamma radiation as an 
AOP. Recently, a preliminary study appeared that reports the initial by-products of the radiolytic 
degradation of AV [11]. The identification of additional stable reaction by-products was the 
focus of our study.  
To better frame the destruction mechanism, kinetic modeling of acetovanillone degradation was 
used and compared to experimental data. Himmelblau et al. [12] described a numerical 
integration procedure for a set of differential equations using experimental data directly, which is 
followed by iterative nonlinear least-squares regression. The mathematical model of radiolytic 
degradation could be expressed for M independent reactions as follows in Eq. (1): 
 (1)  
 
i=1,2,3,….N; kp=specific reaction rate constant of product p; 
rip = reaction rate of component i in the p
th
 reaction 
To estimate each kinetic rate constant (kp) an iterative approach between experimental data and 
predicted values of the modified dependent variables (in this study the dependent variable is the 
concentration of radiolytic product) was used. The best value of each kp was obtained by 
minimizing the standard least-squares error [13]. This technique of Himmelblau et al. [12] has 
been applied successfully in several studies with data available for a complex reaction kinetic 
scheme [14,15]. Our ultimate goal was to develop kinetic models that could be applied more 
generally to free-radical based technologies. 
2. Materials and Methods 
Acetovanillone (AV, 1-(4-Hydroxy-3-methoxyphenyl)ethanone) [498-02-2]) was obtained from 
Sigma-Aldrich and used without further purification. The AV solutions (0.1 mmol/dm
3





were prepared with extra pure water from a MILLIPORE

 system. All experiments 
were carried out at pH = 4. At this pH, AV is protonated (pKa= 8.30) [16].  The gamma 
irradiation of the AV solutions were carried out at the
 
J.L. Sheperd (San Fernando, CA; USA) 
Mark I Model A68 irradiator which has a fixed central rod Cesium-37 source located at 
University of California, Irvine, USA. The dose rate during the investigation was 2 kGy/h 
(calibrated by Fricke Dosimetry [17]) and the measured absorbed doses were 2, 5, 10, 20 and 50 
kGy. 
Chromatographic separation used a Waters Acquity UPLC (Ultra Performance Liquid 
Chromatography) equipped with a Kinetex C18 column (100 x 2.1 mm, 2.6 µm particle size), 
using mobile phases A (water supplemented with 2 % acetonitrile and 0.2 % acetic acid) and B 
(acetonitrile acidified with 0.2 % acetic acid).  
The gradient elution for the low concentrations of acetovanillone solution (0.1 mmol/dm
3
) was 2 
% of (B) for 5 min followed by a linear increase to 95 % (B) in 25 min, which was held constant 
for an additional 5 min before returning to the initial conditions giving a total cycle time of 45 
min. The gradient elution for the high concentrations of acetovanillone solution (10 mmol/dm
3
) 
was 2 % of (B) for 5 min followed by a linear increase to 25 % (B) in 20 min turning to 95 % (B) 
in 7 min and held constant during 5 min returning to the initial conditions in 10 min (total cycle 
time of 50 min). The flow rate was 0.2 mL/min. The column oven temperature was set at 50 ºC. 
An injection of 10 µL was used for all analyses. The UPLC was coupled to a Waters Quattro 
premier XE triple quadrupole mass spectrometer (MS), and the parameters for the analyses were: 
desolvation and ESI source block temperatures, 400 and 125 ºC, respectively; capillary voltage, 
3.3 kV; argon collision gas, 7x10
-3
 mbar. The mass spectra were collected in negative ion modes 
between m/z 100 and 350. 
 3. Results and Discussion 
Acetovanillone solutions (0.1 mmol/dm
3
 and 10 mmol/dm
3
) were irradiated under the same 
conditions (geometry, dose rate and absorbed doses) and UPLC-MS chromatograms were 
obtained in order to identify the products formed during irradiation process. The degradation of 
acetovanillone was monitored by peak area and the main radiolytic products were detected at 280 
nm (Fig.1). 
 
In this contribution a 10 mmol/dm3 solution of AV was studied and from the chromatographic 
analysis of irradiated solutions eight major radiolytic compounds (A-I) were identified and their 
appearance/disappearance summarized (Fig.1). Their structures were proposed based on mass 
spectral data and its fragmentation patterns. Therefore, based on LC-MS data and previous pulse 
radiolysis studies [11] a general reaction sequence for the degradation of acetovanillone by 
gamma radiation is proposed (Fig.2). 
This complex reaction mechanism included all possible intermediate products detected in the 
irradiated solutions independently of absorbed irradiation doses; however, not all were detected 
in both chromatograms which could be related with the reaction rate constants or a lack of 
sensitivity of the analysis. Moreover, although HO• adduct of acetovanillone was no detected 
due to it short-live [19] it was considered in the proposed model because they are evidence that  
main pathways of degradation mechanism passes through it [11]. The next step was to find the 
equations rates based on the mechanism proposed in Fig.2. The kinetic expressions were 
established on the basis of the apparent first-order reaction rate and are represented by Eqs. (2)-
(10). 
 It was noticed that at 10 mmol/dm
3 
acetovanillone was still detected (approximately 70 % of 
initial concentration) at the maximum absorbed doses (50 kGy) (Fig.1b)). One of the possible 
reasons to that fact (an increase in the dose does not reflect in a decrease in the amount of 
compound we want to degrade) is radical’s recombination that would be enhanced at higher 
radical concentrations, i.e., higher doses. To clarify this suspect, further tests were made with a 
lower AV concentration (0.1 mmol/dm
3
) and it was concluded that at 20 kGy, acetovanillone 
was almost completely degraded. 
Thus, the best-fit specific constants, ki, in Eqs. (2)-(10) were calculated, for both AV 
concentrations, by using the Solver functionality  of the Microsoft Excel 2010 program for the 
model with and without radical recombination. Experimental points and calculated evolution of 
the products concentrations without recombination are presented in Figures 3 and 4. A very good 




As mentioned before, not all reaction by-products were observed at both initial acetovanillone 
concentrations. This may reflect a concentration dependent reaction scheme or lack of sensitivity 
of the UPLC for detecting the by-products. Otherwise, as stated above, at higher doses, namely 
above 20 kGy doses, there is no significant differences in the concentrations of the products. 
Assuming that a possible reason for this could be a self-recombination of reactive species, as 
HO• radical [18], leading to decrease of radiation efficiency, the model was changed in order to 
consider that radical’s recombination happens and a new fitting was performed. 
On the lower AV concentration only slight changes are noticed (Figure 5) but on the higher AV 
concentration the model predict results much more in line with the experimental ones (Figure 6). 
All the products concentrations are almost constants for doses higher than 20kGy and the 
acetovanilone concentration keeps higher in the 50 kGy dose. Despite the fact that the value of 
AV concentration stills a little low than the experimental one, it seems that radical’s 
recombination plays an important role in the process. The obtained values for the constants that 
fit the model considering the self-combination of reactive species are presented in Table 1. 
A general comment on the proposed model should stress that some of the products now 
described had been already proposed in literature as for example a quinone – product C – had 
been referred as a high reactive product [19]. Also Gonter et al. [11] suggested that the initial 
reaction of acetovanillone degradation occurs via hydroxyl radical addition to the benzene ring 
resulting in the formation of phenoxyl radical. The phenoxyl radical could then evolve in a 
similar way to the one already detected to gallic acid radiolysis [20,21]. Some important 
reactions involve rupture of the benzene ring which results in the formation of reaction by-
products (stable or transient). These reaction by-products compete with the unreacted 
acetovanillone for the •OH and e-aq. This is confirmed in solutions at low concentration (0.1 
mmol/dm
3




Gama irradiation could be an alternative process for the degradation of acetovanillone containing 
wastewaters. The results of acetovanillone radiolytic degradation presented in this contribution 
showed that solution concentration affects the radiolytic response. At 20 kGy, acetovanillone 
was almost completely degraded in the low concentration solutions (0.1 mmol/dm
3
). However, in 
high concentration solutions (10 mmol/dm
3
) acetovanillone was still detected at the maximum 
absorbed doses (50 kGy). The major radiolytic compounds were identified and their structures 
were proposed. Based on that, a general reaction sequence for the degradation of acetovanillone 
by gamma radiation was proposed. The obtained results showed that at high concentration the 
more relevant reactions are the ones associated with structural changes in the benzene ring. At 
low concentration, the dominant reactions involve rupturing the benzene ring. Moreover, not all 
reaction by-products were observed at both initial acetovanillone concentrations which may 
confirm a concentration dependent reaction scheme or lack of sensitivity of the UPLC for 
detecting the by-products. However, the most important conclusion of the proposed mechanism 
is that radical´s recombination occurs and due to that fact, irradiating at doses higher than a 
certain limit, brings no advantage for the degradation of AV. The importance of this conclusion 
relay in the fact that lower doses apparatus can be efficiently used to do this job, with a lower 
cost. In addition, these results provide a better understanding of how these compounds degrade 
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Fig.1. Peak area of UPLC-MS peaks as a function of absorbed doses: a) acetovanillone (AV) 
solution at 0.1 mmol/dm3; b) AV solution at 10 mmol/dm3. 
Fig.2. Proposed reaction pathway for the radiolysis of acetovanillone. 
Fig.3. Experimental and model concentration profiles for 0.1 mmol/dm3 acetovanillone solution 
and radiolytic products (A-I) without self-recombination of reactive species. 
Fig.4. Experimental and model concentration profiles for 10 mmol/dm3 acetovanillone solution 
and radiolytic products (A-I) without self-recombination of reactive species. 
Fig.5. Experimental and model concentration profiles for 0.1 mmol/dm3 acetovanillone solution 
and radiolytic products (A-I) with self-recombination of reactive species. 
Fig.6. Experimental and model concentration profiles for 10 mmol/dm3 acetovanillone solution 
and radiolytic products (A-I) with self-recombination of reactive species. 
 
Table 1. Evaluated specific reaction rate constants of radiolytic degradation of acetovanillone for 
0.1 mmol/dm
3
 and 10 mmol/dm
3
 solutions according to the described model (see text) 
considering radical’s recombination. 
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[AV] = 10 mmol/dm
3



















































In “Esculetin degradation under radiation”, diluted aqueous solutions of esculetin 
were irradiated by gamma rays. UV-Vis spectroscopy spectra suggest that, at low 
absorbed doses, a preferential pathway of high reactive species attack occur. With 
increased absorbed dose, the intensity of overall absorption peaks decreased 
suggesting that the high reactive species attack leads to the opening of benzene ring 
and resulting in non-aromatic compound by-products. Emission excitation matrix 
(EEM) fluorescence spectroscopy confirmed degradation of the target compound. 
Liquid chromatography with mass spectrometry detection allowed the identification of 
only one radiolytic product with MW of 164. The non-detection of other products 
could be related with several factors: (1) A great variety of products formed, all with 
very low concentration making detection difficult with LC-MS; (2) The non-aromatic 
compounds were not well analyzed by the chromatography column used; or (3) a 
combination of the two reasons. Finally, based on the obtained results a simple 
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Abstract 
Advanced oxidation processes are a viable option to degrade complex compounds. Among these 
processes, the oxidation of a compound by a radical is one of the most interesting but 
simultaneously one of the most unknown. In this communication the degradation of esculetin 
was studied under gamma irradiation. The obtained results show how this process proceeds and 
which are the main products obtained. Also a tentatively mechanism is proposed. Here we show 
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The last century has seen an increase in the production of olive oil and cork in Portugal. Cork 
exports represent around 70 % of world market. During the processing of olive oil, a highly 
contaminating residual olive oil wastewater is formed. This waste production in Mediterranean 




/year [1]. This waste is a complex mixture of water 
(83 - 96 %), sugars, organic acids, tannins, lipids and inorganic substances [2]. The cork industry 
also produces large quantities of wastewater during the cooking process. The waste generated 
during this process is dark liquor with high concentrations of tannins, lipids and organic acids, 
called cork cooking water [3]. Both processes result in wastewaters that are high in phenolic 
compounds which appear to account for their low biodegradability and high phytotoxicity [4, 5]. 
Therefore, studies to find the most effective wastewater treatment focuses on the degradation of 
phenolic compounds [6,7,8]. Advanced oxidation processes are one alternative to degrade 
complex compounds, such as pharmaceuticals [9], pesticides [10] and dyes [11]. Among these 
processes, the oxidation of compounds by the hydroxyl radical seems to be the most important 
pathway for pollutants degradation [12] . However, in many cases there is a lack of information 
about the by-products formed by these processes.  Information on by-products is important as it 
is possible that they might be as toxic as the parent compound. Esculetin (6,7-
dihydroxycoumarin) (Fig 1)  is one of the representative compounds reported in both cork 
cooking water and olive oil wastewater. 
 
Figure 1. Esculetin structure 
 
This study was designed to examine esculetin degradation pathways and to determine the stable 
by-products formed by gamma radiation as an advanced oxidation process. Ultraviolet-visible 
spectrophotometry (UV-Vis) and excitation-emission matrix (EEM) fluorescence spectroscopy 
were the techniques used to follow the behavior of esculetin under gamma irradiation. The 
degradation efficiency was obtained using decrease in UV-Vis absorbance. Finally, using Liquid 
Chromatography–Mass Spectrometry (LC-MS) the main radiolytic products for this compound 
are inferred. These studies were conducted at lower concentrations than observed in natural 
wastewaters to enable the use of water as solvent. Esculetin is only slightly soluble in water. 
However, in the complex wastewater its solubility is modified by the presence of co-solutes 
(organic compounds) or by higher temperatures associated with the treatment and/or processing 
[13]. From these data, degradation pathways have been proposed under gamma radiation 
conditions. The data reported provide information on the application of advanced oxidation 
processes to reduce or eliminate recalcitrant compounds. It is not cost effective to use ionizing 
radiation to mineralize these compounds, but rather to increase the biodegradability of the 
reaction by-reaction and then allow biological treatment to treat the wastes.  
 
2. Materials and Methods 
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Esculetin (6,7-dihydroxycoumarin) was obtained from Sigma-Aldrich and used as received. The 




was prepared with extra pure water from a MILLI-Q

 system. 
All experiments were carried out at a pH (6.63). At this pH value esculetin is predominately in 
the protonated form (pKa= 7.34) [14]. To study reaction by-products and to determine the 
degradation efficiency, steady-state experiments were conducted, using continuous -radiation, 
where solutions were irradiated in a 
137
Cs source (662keV -radiation, J.L.Shepherd MarkI 
Model A68 irradiator). The system has a fixed central source rod in a cavity (30 cm diameter and 
33 cm high). Samples in glass test tubes were placed in a rack with a specific distance from the 
source guide tube to provide dose rate of 2 kGy/h and varying the irradiation time to obtain 
absorbed dosed from 0.5 kGy up to 50 kGy. Absorption spectra were recorded using a Shimadzu 
1603 double beam spectrophotometer and quartz cells. Excitation emission matrix fluorescence 
(EEM) spectra of the non-irradiate and irradiated solutions were recorded using a FluoroMax-4 
(Horiba-Jobin Yvon). The fluorometer was set up as follows: the excitation wavelength was 
incrementally increased from 230 to 500 nm in 5-nm intervals, with emission monitoring from 
280 to 600 nm at 5-nm intervals for each excitation wavelength. All esculetin solutions samples 
were diluted 10 times using Optima LC/MS water to avoid internal absorption. The intensity of 
all EEM spectra was normalized, on a daily basis, by dividing by the area of the Raman water 
line obtained using 350 nm excitation and 397 nm emission wavelengths. The FL Tool Box 
software was used to correct the spectra for Raman and Raleigh scattering and to calculate EEM 
peak integrals [15]. Esculetin and its by-products were analyzed by LC-MS. An Agilent 1100 
HPLC Pump and a Waters LCT Classic Mass Spectrometer with an electrospray ionization 
source was used. A sample volume of 10 µL was injected into a Phenomenex Luna C18 HPLC 
column (2.0 x 150 mm). The mobile phase was: (A) 98 % H2O, 2 % CH3CN and 0.2 % acetic 
acid, and (B) CH3CN with 0.2 % acetic acid. The gradient elution was 2 % of (B) for 1 min 
followed by a linear increase to 95 % (B) at 50 min, which was held constant for an additional 5 
min. before returning to the initial conditions. The mass spectra were collected in negative ion 
mode between m/z 80 and 350. 
 
3. Results and Discussion 
The effect of gamma irradiation on solutions of esculetin irradiated with increasing doses was 




Figure 2. (a) Optical absorption spectra of 0.1 mmol/dm
3 
esculetin solutions irradiated from 0 to 
50 kGy absorbed doses; (b) esculetin degradation as absorbance changes at 300 nm and 348 nm . 
The slope corresponds to an initial dose constant value of 0.427 (at 300 nm) and 0.671 (at 348 
nm) 
 
Fig 2 shows the UV-Vis spectra of non-irradiated and irradiated esculetin solutions (0.1 
mmol/dm
3
). The peaks at 229 nm and 300 nm correspond to absorption by the benzene moiety 
and hydroxyl groups in C8 and C9 positions in the ring, respectively. The peak at 348 nm is 
described as related with C3-C4 double bond in the esculetin molecule [16]. With increasing 
dose the absorbance of the peaks decreases. However, the decrease is more pronounced in the 
348 nm peak. These results are shown in Fig 2b), plotted as the natural log of ratio of the 
remaining absorbance divided by the initial absorbance against absorbed dose. The slopes of 
these plots give the so-called “dose constant” values [17] or the overall efficiency of the 
compound decomposition. At 300 nm the dose constant was 0.427 kGy
-1
 whereas at 348 nm the 
dose constant was 0.671 kGy
-1
. This finding suggests that the attack of reactive species on 
esculetin lead to the break at the C3-C4 double bond. As dose was increased and the 
concentration of reactive radical species increased eventually the benzene ring opened. Tentative 
structural assignments for the degradation of esculetin by gamma radiation were based on the 
analysis of the total ion chromatogram (TIC) and the corresponding mass spectra obtained by 
negative ion electrospray LC-MS. The masses of the products were determined from (M-H)/z 
peaks corresponding to the molecular ion, referred as molecular weight (MW). However, only 
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one degradation product (MW 164) of esculetin (MW 178) was detected at a concentration high 
enough to assign a structure. The proposed radiolytic product and reaction pathway is illustrated 
in Fig 3 and its structure is consistent with the mass spectra, and confirms previous studies of the 
radiolytic degradation mechanism of simple coumarin [14, 18]. 
 
 
Figure 3. Proposed radiolytic products and reaction pathways for esculetin degradation 
 
The product seems to result from the solvated electron attack to carbonyl group [19] and 
consequently reaction with water molecule leading to the formation of compound MW 164 with 
the release of water. It is not detected products from hydroxyl radical attack, which could be 
explained by highly substituted benzene ring in esculetin structure. With increased dose at the 
low concentration of esculetin solution (0.1 mmol/dm3) it is very possible that the concentration 
of fragmentation products is below LC-MS detection limits. 
 
One of the main physical properties of coumarin derivatives is the intense fluorescence that they 
display under ultraviolet or visible region. This feature frequently has been employed for 
detection of coumarins such as scopoletin (6-methoxy-7-hydroxy-coumarin) and esculetin [20]. 
In order to better understand the esculetin behavior under radiation, the fluorescence spectra of 




Figure 4. Fluorescence spectra of non-irradiated and irradiated esculetin solutions (a) non 
irradiated (0 kGy); (b) 1 kGy; (c) 2 kGy; (d) 5 kGy; (e) 20 kGy and (f) 50 kGy 
 
Comparing the fluorescence spectra the esculetin signal was faint at 2 kGy and degradation 
almost complete at 5 kGy (Fig 4d)). This result corroborates the absorption peak at 348 nm in 
Fig 2. Harris and Bertolucci [21] have reported that the relative intensity of fluorescence 
increases as oxygen increases with increasing treatment. Therefore, the reduction of fluorescence 
at 5 kGy could be connected with disappearance of oxygen double bond on pyrone ring. 
Otherwise, the hydroxyl groups in the esculetin structure are the responsible to the molecule 
fluorescence [16]. This is in accordance with the proposed mechanism (Fig 3) with preferential 
attack of reactive species to the pyrone ring. Fluorescence spectrum at 50 kGy shows that there is 
a low concentration of fluorophores in the irradiated solution which is as yet unexplained. 
 
4. Conclusions 
Gama irradiation could be an alternative process for the degradation of esculetin containing 
wastewaters. The results of the UV-Vis showed that esculetin has two major absorption peaks at 
300 nm and 348 nm corresponding to the hydroxyl groups in the benzene ring and double bond 
in the pyrone ring, respectively. The “dose constant” is higher at 348 nm (0.671 kGy-1) than at 
300 nm (0.427 kGy-1) suggesting that preferential attack of reactive species is to the pyrone ring 
leading to break of the C3-C4 double bond. With increased absorbed dose, the intensity of 
overall absorption peaks decreased suggesting that the radical attack leads to the opening of 
benzene ring and resulting in non-aromatic compound by-products. 
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EEM fluorescence spectroscopy confirmed degradation of the target compound. At the initial 
dose of 1 kGy new stable reaction by-products were formed. Analysis by LC-MS only identified 
one radiolytic product with MW of 164. The non-detection of other products could be related 
with several factors: (1) A great variety of products were formed, all with very low concentration 
making detection difficult with LC-MS; (2) The non-aromatic compounds were retained in the 
LC chromatography column; or (3) a combination of the two reasons. Based on these results, a 
degradation mechanism for esculetin was proposed. First, the rapid reaction of esculetin with the 
solvated electron lead to the formation of a product with MW of 164 and this compound reacts 
with other reactive species such as hydroxyl radical leading to the formation of non-aromatic 
fragmentation products. This mechanism provides an explanation for the experimentally 
measured spectra and is consistent with other literature results [16, 18] These results provide a 
better understanding of how these compounds degrade under radiation, and could provide better 
in sight into the reaction mechanisms for other recalcitrant compounds. 
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6 CHAPTER 6 – NATURAL CORK 
WASTEWATER ISOLATED 
BACTERIA AS POTENTIAL 
PRECURSORS OF PHENOLICS 
BIODEGRADATION 







In “Natural cork wastewater isolated bacteria as potential precursors for phenolics 
biodegradation” a tentative was made to find out if radiolytic degradation of phenolic 
compounds as gallic acid and esculetin, followed by microbial degradation could 
increase the biological treatment efficiency. Among the three target compounds 
studied in this thesis, gallic acid (GA) and esculetin were chosen due to: 1) comparable 
literature where GA is widespread studied and; 2) previous studies showed that 
esculetin was almost degraded at low absorbed doses. 
Stenotrophomonas maltophilia was the natural cork wastewater bacterium identified 
as the mainly one present in irradiated wastewater at 9 kGy. The applied methodology 
was based on the evaluation of the growth kinetics of the S. maltophilia by 
turbidimetry and colony forming units, in minimal salt medium with non-irradiated and 
irradiated phenolics as substrate. The obtained results indicate that the selected cork 
wastewater natural strain was not capable to degrade both GA and esculetin 
(irradiated and non-irradiated) as sole carbon source, for the analyzed conditions. 
Besides, GA irradiated solutions have lower biodegradability then non-irradiated 
solutions. Although phenolic compounds (and correspondent radiolytic products) are 
not biodegradable, on the other hand they show a antimicrobial and bacteriostatic 
behavior which may become an advantage in the future. Therefore, new 
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Abstract 
Phenolic acids with one or more benzene rings are widely distributed contaminants present in industrial 
wastewaters, namely in cork industry. Due to their recalcitrant and bioaccumulation potential, the 
phenolic acids have gathered significant environmental concern. The radiolytic degradation by ionizing 
radiation of gallic acid and esculetin as models for phenolics were studied and the used method was found 
to be effective. The objective of this study was to find out if radiolytic degradation, followed by microbial 
degradation could increase the treatment efficiency. A natural cork wastewater bacterium was selected 
from the irradiated wastewater at 9 kGy. The applied methodology was based on the evaluation of growth 
kinetics of the selected bacteria by turbidimetry and colony forming units, in minimal salt medium with 




Environmental pollution due to phenolic compounds release from cork production and processing 
industry is becoming widespread in the world. The biological treatment of these types of industrial 
wastewaters seems to be inefficient due to the structure complexity of the compounds in the solution (1, 
2). Biodegradation is viewed as a sustainable process of wastewater treatment, which under appropriate 
conditions, can promote an efficient decrease of the organic matter with minimal energy requirements 
and, consequently, low costs. The major limitations of this process are the bioavailability of the organic 
matter and the choice of efficient microorganisms (3, 4). Advanced oxidation processes are being studied 
as potential technologies to reduce the organic matter content, increasing the biodegradability of 
wastewaters (5, 6, 7). The Fenton oxidation process is one of the most recognized technology where the 
generation of highly reactive hydroxyl radicals (HO
•
) through catalytic decomposition of hydrogen 
peroxide reduces the amounts of organic matter (8). However, the reagent and catalyst (ferrous iron) 
added to generate the HO
•
 radicals are expensive and potential pollutants and it would be desirable to 
reduce its use. Ionizing radiation has the same mechanism of Fenton oxidation, i.e., the generation of free 
radicals to promote compounds degradation but without adding any chemical. Therefore, ionizing 
radiation seems to be a potential technology to be applied in order to increase the biodegradability (9, 10, 
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11). In addition, the use of natural bacteria from wastewater as degraders could be a promising approach 
to remediation of wastewaters (4). 
The purpose of the present study is to evaluate the potential biodegradation of phenolic compounds. 
Gallic acid and Esculetin were the selected phenolic compounds as model pollutants due to its 
biorecalcitrant nature (12, 13). With this objective, a potential phenolic degrader organism was isolated 
from irradiated cork wastewater. The metabolic adaptability of this isolated bacterium was assessed by 
growth evaluation in supplemented minimal culture medium. Additionally, Electrospray Ionization (ESI) 
was used to access the compounds degradation. 
 
2. Materials and Methods 
 
2.1. Gamma irradiation of cork boiling wastewater, gallic acid and esculetin solution 
Cork boiling wastewater was collected from a cork transformation industry near Lisbon, Portugal. The 
sampling procedure had two purposes: 1) the characterization of natural cork wastewater microbiota and 
2) the isolation of the survivor population after irradiation. Therefore, the cork wastewater sample was 
irradiated at 9 kGy and for the radiolytic degradation of tested phenolic compounds, pure solutions of 1 
mmol/dm
3
 gallic acid (>99%; Sigma-Aldrich) solution and a 0.1 mmol/dm
3
esculetin solution (>99%; 
Sigma-Aldrich) were also irradiated at some absorbed dose. All gamma irradiation experiments were 
carried out at the Co-60 facility in the Radiation Technology Unit located at Nuclear and Technological 
Institute (14). The dose rate during the study was 2.5 kGy/h and the measured absorbed dose by routine 
dosimeters (15) was 9 kGy.  
 
2.2. Isolation and morphological characterization of cork boiling wastewater microbiota 
In order to characterize the microorganisms present in the cork wastewater, aliquots of serial decimal 
dilutions were plated into Tryptic Soy Agar (TSA; Merck) and incubated at 30
o
C during 7 days. Colonies 
with distinct macroscopic morphologies were isolated by sub-culturing on the same medium. A total of 
twenty seven bacterial isolates were morphologically characterized by bacteriological conventional 
techniques (e.g. microscopic observation; Gram staining; catalase and oxidase tests). According to the 
obtained tests results, the isolates were divided into morphological types (16). The frequency of each 
phenotype was calculated based on the number of isolates and their characterization. 
The most frequent isolate from irradiated sample was identified by API system (Biomérieux, France) 
according to manufacturer instructions. This microorganism was selected to be used in the growth 
evaluation studies. 
 
2.3. Growth evaluation on synthetic medium 
A minimal mineral medium [1.28% Na2HPO4.7H2O, 0.3% KH2PO4, 0.05% NaCl and 0.1% NH4Cl] was 
supplemented separately with three carbon sources for gallic acid: i) 200 mg/L of gallic acid solution 
(GA); ii) 200 mg/L of irradiated gallic acid solution at 9 kGy (GA9) and iii) 200 mg/L of irradiated gallic 
acid solution at 38 kGy (GA38); and with two carbon sources for esculetin: i) 200 mg/L of esculetin 
solution (E) and ii) 200 mg/L of irradiated esculetin solution at 9 kGy (E9). Addition of each of the tested 
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compounds to the growth medium caused no change in pH. For both studied compounds, Tryptic Soy 
Broth (TSB) was used as growth positive control (C) and minimum mineral medium without carbon 
source as negative control (B). The selected isolate was inoculated in all culture medium at an initial 
concentration approximately 10
7
 cfu/ml (initial Optical Density (O.D.610nm) approximately 0.06 for gallic 
acid and 0.2 for esculetin) and incubated at 30 ± 2 
o
C in an orbital shaker (100 rpm). The bacterial growth 
for each culture assay was monitored at regular time intervals by: 1) turbidity measurement at 610 nm 
(Shimadzu spectrometer UV-1800) and 2) CFU counts by direct plating into Tryptic Soy Agar of aliquots 
of serial decimal dilutions. 
 
2.4. Electrospray Ionization Mass Spectrometry 
Electrospray ionization mass spectrometry (ESI-MS) was performed using a Bruker HCT quadrupole ion 
trap mass spectrometer. The sample solutions were centrifuged at 10000 rpm during 10 min (Eppendorf, 
5417R) and the supernatant at approx. 10-5 M in acetonitrile was introduced into the ESI source via a 
syringe pump at a flow rate of 150mL/min. The heated capillary temperature was set to 250ºC and the 
cover gas (N2) to a flow rate of 2 L/min. 
 
3. Results and Discussion 
The natural cork wastewater mesophilic bacterial population was isolated before and after irradiation. A 
total of 27 isolates in non-irradiated and 11 in irradiated samples at 9 kGy were phenotyped according to 
microscopic morphology and biochemical characteristics. The frequency of each phenotype is presented 
in Table 1. 
The isolates from non-irradiated wastewater sample were grouped into five morphological types, being 
the most frequent the gram positive rods non-spore forming (59%). After irradiation at 9 kGy the 
diversity decreased, only two of the initial morphological types had persisted. The most frequent was the 
gram negative oxidase negative rods (91%). The major isolate from this group was identified as 
Stenotrophomonas malthophilia (%id = 92.4). Although it was an environmental isolate, strains from this 
microorganism are known to metabolize a broad range of aromatic compounds (17, 18). Based on that 
assumption, this isolate was used as test strain to evaluate the degradation of target compounds before and 
after irradiation. This evaluation was made by inoculation of the microorganism into a mineral medium 
with 200 mg/L of non-irradiated or irradiated gallic acid (GA) and esculetin (E) solution, separately, as 
sole carbon and energy source. As growth positive control TSB medium was used and as growth negative 
control, mineral medium without carbon source was used.  
 
3.1. Gallic acid  
The bacterial growth monitoring by turbidity at 610 nm, is represented in Figure 1.  
The presented turbidity growth results suggested that the test strain was not able to metabolize as sole 
carbon source either gallic acid solution (irradiated and non-irradiated) at the used concentration. The 
positive growth control indicated the viability of the inoculum denoted by the obtained well defined 
growth curve and negative control indicated that selected bacteria was not capable to growth in the 
minimal mineral medium. 
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The other method used to monitored growth, the cfu counts, also failed to detect bacterial growth in gallic 
acid cultures (see Figure 2).  
In agreement with turbidity measurements, the cfu counts of the positive control (C) increased during the 
initial incubation hours, indicating the adequacy of methods to evaluate the growth of the test strain. As 
expected, for the negative control (B) it was not observed substantial variations in growth during 
incubation time. As presented in Figure 2, the results point out to a decrease in cfu counts in GA solution 
with absorbed dose. Therefore, the radiolytic by-products seem to have higher negative effect on S. 
malthophilia growth then the parent compound. The antimicrobial activity of phenolic acids, namely 
gallic acid, have been demonstrated against gram negative bacteria in planktonic state (19, 20). 
Phytochemical products (e.g. gallic acid) are routinely classified as antimicrobials on the basis of 
susceptibility tests that produce growth inhibitory effects in the range of 100 to 1000 µg/ml (21). Since 
the GA concentrations used (non-irradiated and irradiated) in cultures medium were 200 µg/ml it is 
reasonable to assume an antimicrobial action of gallic acid against the tested strain. 
Melo et al. (22) reported that at 9 kGy the gallic acid radiolytic byproducts are mainly fragments from 
gallic acid degradation with aromatic ring opening, connected to some still resilient gallic acid structures. 
This fact could explain the low biodegradability of irradiated gallic acid solution. However, irradiated 
gallic acid solution at 38 kGy showed that not only gallic acid, but also the aromatic intermediate 
products, tend to disappear (22) meaning that even non-aromatic byproducts present a antimicrobial 
action against the tested strain. Besides the bacterial growth assessment, it was also important to 
determine the quantity of gallic acid present in the cultures supernatant. Under the ESI conditions used, 
non-irradiated and irradiated gallic acid samples were analyzed and there were no differences in GA and 
radiolytic byproducts during the incubation time (data not shown). 
 
3.2. Esculetin 
The same procedure applied for gallic acid was used to evaluate the bacterial growth in esculetin cultures. 
The cultures turbidity at 610 nm during incubation time is presented in Figure 3. 
As for gallic acid results, the turbidity  results suggested that the test strain was not able to metabolize as 
sole carbon source either esculetin solution (irradiated and non-irradiated) at the used concentration. 
Although, the test strain was viable since a well-defined growth curve was achieved for the positive 
control. The other method used to monitored growth, the cfu counts, are presented in the Figure 4.  
The cfu counts (Figure 4) are also in accordance with turbidity measurements. Nevertheless, the results 
point out that there is no gamma radiation effect on esculetin solution. The radiolytic products of esculetin 
were identified in our lab (submitted) and are mainly aliphatic compounds since esculetin structure 
degrades at low absorbed doses. As for gallic acid biodegradation assay, the tested strain point out to be 
not able to use either irradiated or non-irradiated esculetin as carbon source, denoting a growth inhibition. 
Although, must be noticed that the test strain was maintained viable in esculetin supplemented cultures 
with unchangeable counts during almost 6 days. This fact could suggest a bacteriostatic effect of esculetin 
against S. maltophilia strain. A study performed by Dürig et al. (23) demonstrated that esculetin abolish 
biofilm formation but have no effect on planktonic growth of a S. aureus strain at the concentration of 
128 µg/ml. Other authors (24) have stated the antimicrobial activity of esculetin against several 
microorganisms. The ESI results showed that esculetin and their radiolytic products also did not change 





The presented growth results indicate that the selected cork wastewater natural strain, biochemically 
identified as S. maltophilia, was not capable to degrade both gallic acid and esculetin (irradiated and non-
irradiated) as sole carbon source, for the analyzed conditions. Besides, gallic acid irradiated solutions 
indicated to have lower biodegradability then non-irradiated solution. In turn, it was observed for both 
phenolics compounds and correspondent radiolytic products biological effects against the tested strain, 
namely antimicrobial and bacteriostatic actions. Concerning gallic acid biodegradation, Dias-Machado et 
al. (4) reported that degradation products by Fenton reaction were biodegradable. Although, an 
enrichment of mixed cultures from cork wastewater with tannic acid was made. This approach leads to 
increase the adaptability of cultures to this kind of compounds. To our knowledge, this is the first study 
that tries to associate the metabolic capacities of cork natural microbiota along with a radiolytic process, 
in order to promote the recalcitrant compounds degradation. Besides the obtained inconclusive results and 
not comparable with the literature, this preliminary bench scale approach have raised some issues to 
explain by a new methodological setup. Briefly, a detailed organic content characterization will be 
performed in order to select the main recalcitrant compounds for the studied cork wastewater and a mixed 
natural wastewater microbial population will be tested. The well-known potentialities of gamma radiation 
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Table 1. Frequency (in percentage) of the phenotypes of the isolates from non-irradiated cork wastewater 




Irradiated Cork Wastewater 
(9 kGy) 












gram positive, no-spore forming, 
catalase positive, rods 
 
59% 9 






























Figure 1. Turbidity results monitored as Optical Density (O.D.) at 610 nm for each different carbon 
source culture medium: (C) positive control (TSB medium); (B) negative control (mineral medium 
without carbon source); (GA) GA sol., 0 kGy; (GA9) GA sol. 9 kGy and (GA38) GA sol., 38 kGy.  
 
Figure 2. Average CFU counts of Stenotrophomonas maltophilia strain in the five different cultures: (C) 
positive control (TSB medium); (B) negative control (mineral medium without carbon source); (GA) GA 
sol., 0 kGy; (GA9) GA sol. 9 kGy and (GA38) GA sol., 38 kGy. Error bars correspond to 95% confidence 
intervals about mean values (n= 6; α = 0.05). 
 
Figure 3. Turbidity results monitored as Optical Density (O.D.) at 610 nm to each different carbon source 
culture medium: (C) positive control (TSB medium); (B) negative control (mineral medium without 
carbon source); (E) E sol., 0 kGy and (E9) E sol. 9 kGy.  
 
Figure 4. Average CFU counts of Stenotrophomonas maltophilia strain in four different cultures media: 
(C) positive control (TSB medium); (B) negative control (mineral medium without carbon source); (E) E 
sol., 0 kGy and (E9) E sol. 9 kGy. Error bars correspond to 95% confidence intervals about mean values 











7 CHAPTER 7 - EFFECTS OF 
GAMMA RADIATION ON REAL 
CORK COOKING WASTEWATER 






Previous results showed that gamma radiation could be a potential technology to 
degradate recalcitrant compounds present on cork cooking wastewater [75] [76]. 
These studies were performed with standard target compounds at specific 
concentrations and controlled irradiation conditions as dose rate and absorbed dose of 
radiation. 
After that, in order to assess the potential application on cork industry it is necessary 
to study the effects of gamma radiation on real cork cooking wastewater. On the other 
hand, the potentialities of phenolic compounds as antioxidants are well-known [77] 
and several studies show that ionizing radiation increase the antioxidant activity of 
phenolic extracts [78] [79]. 
Based on these facts, in “Effect of ionizing radiation on antioxidant compounds 
present in cork wastewater”, reports an integrated study of the effects of gamma 
radiation on antioxidant compounds present in real cork wastewater. 
Since real cork wastewater was used, in the following topics short and introductory, 
but expected to be clear, information about an actual cork industry, cork cooking 
wastewater and antioxidants will be presented. 
 
7.1 Fabricor, S.A. 
The wastewater used for this study was taken from a Portuguese cork processing 
industry (Fabricor-Indústria, Preparação e Transformação de Cortiça SA.) located in 
Alcochete. Fabricor S.A. prepare and process corkwoods into mainly cork stoppers, 
having a turnover of more than 12 million Euros and exports almost 50% of production 










Figure 6 –Cork stopper production scheme at Fabricor S.A. [80]. 
 
Besides conventional cork stopper process (Figure 6), at Fabricor S.A. the cooking of 
cork planks is performed using a new system with a filtration step and recirculation of 
water on each cooking cycle during 3 labor days. This system is suitable to market 
requirements and increase the elimination of undesired compounds as 2,4,6-
trichloroanisole (TCA) and volatile organic compounds. It is also fare to highlight the 
environmental concerns of Fabricor S.A., reflected in the use of biomass and cork 
powder as the sole sources of fuel. 
 
7.1.1 Cork cooking wastewater 
Cork cooking wastewater was previous described (see 1.5) as an acidic wastewater, 
with a dark brown color, a high organic content and a high content of polyphenols and 
tannins, exceeding the wastewater discharge regulations of several European 
countries. 
Bernardo et al. [39] reported the physical-chemical characterization of Fabricor S.A. 
cork wastewater (Table 4). 














Table 4 –Fabricor S.A. cork cooking wastewater characterization. 
Wastewater sample parameter (20 t of cork boiled) 
pH 5.14 
Conductivity (mS/cm) 0.934 
TOC (mgC/L) 670.5 
Color (Hazen units) 5700 
BOD (mgO2/L) 875 
COD (mgO2/L) 2285 
TP (mg tannic acid/L) 360 
 
Comparing Table 4 with parameter range values of general cork cooking wastewater 
(Table 3), although cork wastewater parameters are still above discharge limits, the 
advanced cork cooking process at Fabricor S.A. hints to decrease the organic matter 
content on wastewater. 
 
7.2 Antioxidants 
Halliwell et al. [81] reported that antioxidants could be defined as “any substance that 
when present at low concentrations, compared with those of the oxidizable substrate 
significantly delays or inhibits oxidation of that substrate”. 
Phenolic compounds can act as free radical scavengers, hydrogen donators, metal 
chelators and single oxygen quenchers working as potential antioxidants. The 
antioxidant effectiveness is influenced by the chemical properties of the compound 
namely hydrogen bond energies, resonance delocalization, and susceptibility to 
autoxidation [82]. Some classes of phenolic compounds classified as antioxidants are 








Table 5 – Classes of phenolic compounds classified as antioxidants [83] [84] [85]. 
Basic skeleton Class Examples 
C6-C1 Phenolic acids 
 
Caffeic acid, p-coumaric 
acid, ferulic acid, gallic acid 
 
C6-C3-C6 Flavonoids 
Quercetin and kaempterol 
(flavonols), luteolin 
(flavones) 






Phenolic acids, flavonoids and coumarins are considered as primary antioxidants since 
they can act as free radical acceptors/scavengers and delay or inhibit the initiation step 
of oxidation reaction and interrupt the propagation step of autoxidation [86]. Tannins 
are multi-function antioxidants as they do not function solely as primary antioxidants, 
but also as secondary antioxidants meaning that they interfere with one of the 
reaction steps of oxidation through various mechanisms such as metal chelation, 
oxygen scavenging and reducing reaction rates agents [87]. 
Concerning phenolic acids, monohydroxy phenolic acids are less efficient as 
antioxidants than polyhydroxy phenolic acids [88], therefore addition and/or 
substitution of hydroxyl group of phenolic compounds increases the antioxidant 
activity of the compound by an inductive effect. 
 
Natural antioxidants sources have being widely studied since natural antioxidants 
showed higher antioxidant activity that synthetic ones [89]. The extractable phenolic 
fraction in plants is an example of natural antioxidant sources [82] [84]. 
 




Cork cooking wastewaters have a very high content of phenolic/tannic matter that is 
responsible for severe environmental problems. Several studies have been developed 
in order to reduce the organic load [39] [40] [55] and, recently, to extract phenolic 
fraction as subsidiary products [90]. 
Based on these facts, an approach of the application of gamma radiation to enhance 
cork wastewater potentialities as natural source of antioxidants was presented. 
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tant sectors of activity in Portugal. This is the raw material
that feeds an industry of great importance to the national
economy (Mendonça et al. ). In cork processing, after
the stabilization period of the cork planks (3–12 months),
the planks are immersed in water at 100 WC to cook. The
water is reused (3 labor days) and, at the end of each
cycle, there is a ﬁltration step to minimize the organic
load and solid waste of the cooking water.
The cork cooking waters are complex mixtures of plant
extracts turning the water to a dark brown liquor. These
waters have a high organic load and considerable toxicity
due to the hot extraction that occurs in the cooking process
(Mendonça et al. ). Among other natural compounds,
these waters have a high concentration of polyphenols
such as phenolic acids, tannins, 2,4,6-trichloroanisole,
benzoic acid and cinnamic acids (Benitez et al. ).
Some of these polyphenols are known for their high antiox-
idant activity. According to Minhalma & Pinho (), the
main phenolic acids in these waters are gallic, protocate-
chuic, vanillic, ferulic and ellagic acids. An antioxidant
may be deﬁned as ‘any substance that when present at lowconcentrations, compared with those of the oxidizable sub-
strate signiﬁcantly delays or inhibits oxidation of that
substrate’ (Sies & Stahl ) and its main feature is the abil-
ity to scavenge free radicals.
Ionizing radiation induces both the degradation of com-
pounds and the inactivation of microorganisms depending
on the type of energy, dose rate, and absorbed dose (Cabo
Verde et al. ; Casimiro et al. ). The main objective
of this work is the study of the effects of gamma radiation
on the antioxidant activity of cork cooking water and the
potential of integrated treatment of these waters.EXPERIMENTAL
Sampling
Cork cooking water was collected from Fabricor S.A., a cork
transformation industry near Lisbon, Portugal in June 2011.
The sampling was made at the end of the cooking process
before discharge to the wastewater treatment plant.
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The irradiations were performed in a 6OCo irradiation
facility (model Precisa 22, Graviner Lda, UK 1971 with
8 kCi in November 2008), in the Radiation Technology
Unit located at the Nuclear and Technological Institute.
The samples were irradiated at four distinct doses (2, 10,
20, 50 kGy) and at two different dose rates (0.4 and
2.4kGy h1). Absorbed doses were measured by routine
dosimeters (Whittaker & Watts ). The local dose
rate was previously determined by the Fricke method
(ASTM ).Chemical oxygen demand and total phenolic content
Chemical oxygen demand (COD) was measured by the
titrimetric method accordingly to the Standard Methods
for the Examination of Water and Wastewater (APHA
). Samples were diluted 10-fold. The total phenolic
content (TP) was determined based on the Folin-Ciocal-
teau method (Singleton et al. ) using gallic acid as
the standard. Samples were diluted 5-fold and 0.5 mL of
the diluted sample was added to 35 mL of water and
2.5 mL of Folin-Ciocalteau reagent (FC). After shaking
and incubating 5 minutes at room temperature, 7.5 mL
of sodium carbonate solution was added and water to
the 50 mL line. The solution was incubated at room temp-
erature for 2 h and after that the absorbance of the
reaction mixture was measured at 765 nm using a Shi-
madzu UV 1800 spectrophotometer. Results were
expressed as mg of gallic acid equivalents per liter of
sample.Evaluation of antioxidant activity by ferric reducing/
antioxidant power
The assay was carried out according to the method
described by Benzie & Strain (). Ferric reducing/antiox-
idant power (FRAP) reagent was freshly prepared by mixing
300 mM of acetate buffer (pH 3.6), 10 mM of 2,4,6-tris(2-pyr-
idyl)-s-triazine (TPTZ) and 20 mM FeCl3·6H2O in a ratio of
10:1:1 at 37 WC. One hundred microliters of sample diluted
10-fold in ultrapure water was added to the FRAP reagent
(3 mL) in a test tube. After 15 minutes of incubation at
37 WC, the absorbance was measured at 593 nm. The antiox-
idant potential of the sample was determined from a
standard curve using FeSO4.7H2O solution between 0 and
1.0 mM.Statistical analysis
All measurements were performed in triplicate and the
obtained results were expressed as an average. The statistical
treatment of results was performed by analysis of variance
(ANOVA) and nonparametric Kruskal-Wallis test for com-
parisons between groups using the software Origin Pro
(Origin Lab Corporation, Massachusetts, USA). Differences
were considered signiﬁcant at levels of p< 0.05.RESULTS AND DISCUSSION
The results are presented as a percentage of variation of
each parameter, at speciﬁc absorbed dose, by the non-irra-
diated parameter value. As an example, %CODvariation¼
[(CODd–CODinitial)/CODinitial]*100, where CODd is the
value measured after a given dose and CODinitial is the
COD value for the non-irradiated sample (0 kGy).
Chemical oxygen demand (COD)
COD is a routine parameter used to reveal the total organics
in wastewaters as well as the extent of wastewater treatment
(Pikaev ; Yuan et al. ). This parameter reﬂects a
global oxygen capability uptake that can be due to a large
variety of compounds including the phenolic compounds.
The COD results are presented in the Figure 1.
Figure 1 shows that for a 50 kGy absorbed dose the
% CODvariation decreases (average 37.0± 14% at 0.4 kGy
h1 and average 63.0± 0.01% at 24 kGy h1) for both dose
rates. With the exception of 2 kGy absorbed dose at high
dose rate (2.4 kGy h1) the gamma radiation effect is associ-
ated with a decrease of COD and therefore indicates that
there is a chemical degradation of organic matter (Kurucz
et al. ). Other authors (Bao et al. ; Melo et al. )
also reported that theCODdecreaseswith gamma irradiation
in industrial wastewaters. At low absorbed doses (2 kGy) and
high rate (2.4 kGy h1) the momentary increase of COD
value can, probably, be done to the degradation of some
heavymass compounds in a large number of lowermass com-
pounds that actively contribute to that increase. However, for
larger doses, these smaller compounds are also degraded
leading to a ﬁnal decrease of COD value.
Determination of total phenolic content (TP)
The TP gives a measurement of the phenolic groups present
in the sample. This will reﬂect all groups present even if
2Figure 1 | COD vs. Q3absorbed dose (n¼ 3; α¼ 0.05).
3 J. Madureira et al. | Irradiation effect on antioxidant compounds of cork wastewater Water Science & Technology | in press | 2012
Uncorrected Proofsome of them are in the same molecule. Figure 2 shows the
behavior of TP in cork cooking water submitted to different
doses and dose rates of gamma irradiation.
The behavior is similar for both dose rates. At 2 kGy, TP
decreases when compared with non-irradiated samples (%
TPvariation is about 5.0± 0.1% for 0.4 kGy h
1 and 8.0±
0.1% for 2.4 kGy h1) but for all other dose values TP will
increase and ﬁnally seems to stabilize for 50 kGy (TP
increase 6.00± 0.01% (at 0.4 kGy h1) and 29.0± 0.1% (at
2.4 kGy h1)). The explanation of this initial decreaseFigure 2 | Total phenolic compounds vs. absorbed dose (n¼ 3; α¼ 0.05).could be somehow similar to the increase in COD value
described in the previous paragraph. At low absorbed
doses, only simple phenolic compounds are degraded; there-
fore TP values temporarily decrease at 2 kGy. Increasing the
absorbed doses, the amount of energy becomes higher and
permits the breaking of larger and more complex structures
with high molecular weight and producing a large number
of phenolic groups (Dias-Machado et al.  Q). This increase
in simple phenolic structure concentration leads to an
increase of TP values. In addition, Melo et al. () proposeQ3
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the main compounds of cork cooking water (Benitez et al.
)) and the stable by-products detected are also phenolic
compounds.
Evaluation of antioxidant activity by FRAP assay
The antioxidant activity can be due to several types of mol-
ecules. In the present case it is expected that phenolicFigure 3 | Antioxidant activity vs. absorbed dose (n¼ 3; α¼ 0.05).
Figure 4 | Antioxidant activity vs. total phenolic compounds.compounds assume a relevant role in this issue. The antiox-
idant activity variation (%) as a function of doses and dose
rates is presented in Figure 3.
It can be seen an increase of antioxidant activity with
absorbed doses. However, the antioxidant activity increase
is higher at high dose rate (2.4 kGy h1). The obtained
results could be connected with TP content (Figure 2) as
well as with hydroxyl radical reaction. As can be seen by
the correlation found between FRAP and TP (Figure 4) theQ3
Q3
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phenolic compounds, as expected. The Pearson coefﬁcient
(r) for the both rate doses is strong and positive (r¼ 0.902
for 0.4 kGy h1 and r¼ 0.998 for 2.4 kGy h1) which indi-
cates a strong correlation between TP and the antioxidant
activity. The higher antioxidant activity increase at
2.4 kGy h1 dose rate could be related to a greater amount
of radical species generated that tend to a higher number
of antioxidant active compounds.
These results could be explained by hydroxyl radical
attack to large molecules (e.g. tannins and other complex
phenolic compounds) but without breaking most of the ben-
zenic rings. The breaking of those compounds leads to an
increase in the concentration of smaller phenolic structures
with a globally higher antioxidant activity.CONCLUSIONS
Gamma radiation was applied as a pretreatment for cork
cooking water. High dose rate (2.4 kGy h1) and low dose
rate (0.4 kGy h1) were applied, and the obtained results
point out that there are signiﬁcant differences between
dose rates. COD results, together with FRAP and TP results,
show us a picture where larger molecules are degraded pro-
ducing a lot of small phenol compounds. This is a very
important result to the cork industry since a treatment like
this one increases dramatically the added-value compounds
(antioxidants) in the cooking water while decreases other
organic matter leading to a much more valuable solution
as a raw material for other industries. To our knowledge,
there are no studies about gamma irradiation effects on anti-
oxidant activity of cork cooking water. Further studies have
to be performed to access the technical viability of extrac-
tion, identiﬁcation, puriﬁcation and reuse of the now
detected antioxidants.ACKNOWLEDGEMENTS
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8 CHAPTER 8 – CONCLUSIONS 




Based on the results presented gamma irradiation could be an advantageous tool for 
the degradation of phenolic acids such as gallic acid (GA), acetovanillone (AV) and 
esculetin. 
The obtained results showed that 40-50 kGy absorbed dose is needed to destroy the 
aromatic structure of GA and AV of 1 mM solutions, at lower concentrations 
proportionally lower doses are required. For esculetin, probably due to the low 
concentration solution, a 2 kGy absorbed dose degrade almost all aromatic structure. 
The proposed mechanisms of degradation suggest that the preferential attack of 
reactive species is to the aromatic ring in both GA and AV. On the other hand, for 
esculetin the attack is to the pyrone ring and leads to consequent compound 
degradation. One of the novelties of this work was to identify and propose stable 
byproducts for these recalcitrant compounds. GA and AV initially react with high 
reactive species and more complex structures are formed to be further degraded in 
aliphatic compounds. For esculetin this event is not observed probably due to the 
rapid structure degradation. A preliminary biodegradation was achieved for GA and 
esculetin compounds and their radiolytic end-products using a selected cork 
wastewater natural strain. The results indicated that strain was not capable to degrade 
both GA and esculetin (irradiated and non-irradiated) as sole carbon source, for the 
analyzed conditions. This fact could point that gamma radiation did not improve the 
biodegradability of these compounds, although due to the complexity of bacterium 
metabolism and the fact that, in this study, it was used only one selected strain, a new 
methodological setup have to be performed to achieve more conclusive results. 
Finally, to complement the bench scale results, the impact of gamma radiation on cork 
wastewater was studied and a very important result to cork industry was achieved 
since gamma radiation seems to increases dramatically the added-value compounds 
(antioxidants) in the cooking wastewater while it decreases other organic matter 
leading to a much more valuable solution as raw material for other industries. 
To our knowledge, this is the first time that an integrated approach about gamma 
radiation on cork wastewater was made. The different approaches throughout the 
work provided a better understanding of radiolytic degradation pathways concerning 
CHAPTER 8 - CONCLUSIONS 
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each target compound and could provide better in sight into the reaction mechanisms 
for other recalcitrant compounds. On the other hand, further studies have to be 
performed in real cork wastewaters to access the technical viability of this technology 
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